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SUMMARY 
A description is given of the determination of the impact energy of 
concrete reinforced with discontinuous fibres of steel or twisted 
fibrillated polypropylene film. 
The design and instrumentation of a Charpy type of pendulum impact 
test machine is outlined, the machine being capable of completely 
fracturing in a single blow fibre concrete beams measuring 100 x 100 x 
500 mm. This, machine was used to determine the energy absorbed in 
the fracture process both from the amplitude of the pendulum swing and 
also from the record of force developed on the pendulum head during 
the impact. The latter method enabled the energy absorption to be 
determined with respect to the central deflection of the test beam 
in a manner analogous to energy determination from the area under a 
conventional slow-rate load-deflection curve. 
A variety of steel fibre types and two lengths of chopped fibrillated 
polypropylene film fibre were used to produce composites with two 
fibre volume fractions and these were tested at two ages. 
As well as being tested in impact, most of the fibre concrete types 
were failed in flexure at a conventional slow rate of loading and the 
energy absorption was determined from the area under the load deflection 
curve. 
The high work of fracture of these materials relative to plain concrete 
is quantified and it is shown by comparison of the energies at given 
deflections in slow and in fast loading, that the work of fracture is 
not particularly rate sensitive. 
The implications of this conclusion with respect to the standardisation 
of test methods for toughness measurements on fibre concretes are 
assessed. 
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CHAPTER I 
INTRODUCTION 
The use of concrete as a structural material is usually limited to 
situations where the applied stresses are compressive, not just because 
of its low tensile strength relative to compressive strength, but also 
because of the very low work of fracture. This lack of toughness is a 
consequence of the relatively low tensile failure strain and essentially 
linear elastic behaviour of concrete in tension up to failure. 
Unlike metals, timber and many plastics, concrete in tension cannot 
undergo appreciable plastic deformation prior to fracture. Thus, 
unless reinforcement is provided, tensile failure can occur in a brittle, 
catastrophic manner with little forwarning of imminent collapse. 
The limitations imposed by this combination of low tensile strength and 
toughness are usually circumvented by, the use of steel reinforcing bars, 
positioned to carry the tensile stresses or prestressed in such a way 
that the concrete is placed permanently in compression. Neither method 
changes the properties of the concrete itself, but does enable the 
composite material to be used in situations where the use of concrete 
or steel alone would be impractical or uneconomic. 
More recently, a new class of material has emerged based on the 
reinforcement of cement and concrete with fibres of steel, glass and 
some plastics. This is an example of the combination of dissimilar 
materials to provide a new material which exhibits properties often 
substantially different from those of the individual constituents. 
By using, for example, only 5% of brittle glass fibres distributed 
in a brittle cement matrix a material exhibiting considerable ductility 
and impact resistance is obtained. Similar results can be achieved 
using fibres of steel or plastic. This philosophy of composite 
materials has been applied extensively in Nature but has only recently 
been applied in a scientific manner to artificially produced materials. 
The production and properties of these new materials has been subject 
to considerable research and development effort in the past fifteen years. 
Although the mechanical behaviour of fibre reinforced cementitious 
matrices at conventional slow rates of loading in both tension And 
flexure is now quite well understood, the behaviour in impact has not 
received similar attention. It is well accepted that such materials 
are very tough in comparison with the unreinforced matrix and this 
has been confirmed by many relatively crude impact tests, such as the 
dropping of a steel ball onto a sheet of the material and by several 
successful applications where impact resistance has been a necessary 
requirement. However, quantitative data on impact performance is 
lacking when compared with the extensive data on other properties 
which are not so dramatically increased. 
The importance which should be attached to a knowledge of the impact 
resistance of construction materials is best illustrated by reference 
to some of the diverse situations in which failure may be induced 
by an impact. These include impacts from moving objects which, at 
one extreme , may be as large as an aircraft or ship and at the other 
as small as an accidentally dropped hammer. Other examples arise from 
shock or blast loading caused by explosives, wind or water. Precast 
concrete products sometimes suffer irreparable damage due to impacts 
caused by handling before they are used for their intended purpose. 
In fact, when premature failure does occur it is more likely to have 
been induced by impact or repeated loading than to have been caused 
by gradual monotonic loading. 
.j. 
Obviously there are many types of impact loading and many types, shapes 
and sizes of component that may be subjected to such loading. Some of the 
parameters involved in impact performance are the relative masses of the 
impacting and impacted objects, their velocity and the area of contact. It 
is unlikely that the whole range of possibilities can be investigated by 
laboratory scale tests and, even if the true materials properties at 
high rates of loading are known, the analysis of the behaviour-of an impacted 
structural element - or group of elements - may be very complex indeed. 
However, it is the ability of these new materials to absorb the energy of 
impacts and accept the occasional overload without completely failing that 
are among their most attractive properties. 
It was towards the quantification of the impact resistance of fibre reinforced 
concretes that the work reported here was directed. 
Since no standard impact test for such a material exists it was necessary to 
design and develop suitable equipment. The method used was to determine the 
energy required to completely fracture 100 x 100 x 500 mm test beams 
simply supported and struck at the mid-span by a heavy pendulum. 
Instrumentation of the striker - or tup - enabled the load developed 
during the impact to be measured and recorded. From this load record the 
energy absorbed with respect to central deflection of the beam was calculated 
and this was compared with the energy obtained from the area under the load- 
deflection curve in slow, conventional loading rate tests. 
CHAPTER 2 
LITERATURE SURVEY OF THE BEHAVIOUR OF FIBRE REINFORCED 
CEMENT AND CONCRETE 
4. 
i1 
2.1 INTRODUCTION 
It is not proposed to present an entirely comprehensive survey 
of all the work, experimental and theoretical, undertaken in the past 
twenty years on fibre reinforced cement or concrete. The major develop- 
ments in the field have been covered in many excellent reviews published 
in recent years 
(2.1,2.2,2.3)and it will suffice to consider the develop- 
ments which have led to the understanding of the properties exhibited by 
these brittle matrix composite materials, and especially those aspects 
which are relevant to the impact performance of such materials., 
2.2 EARLY CLAIMS FOR THE USEFULNESS OF FIBROUS REINFORCEMENT 
FOR CEMENT AND CONCRETE 
The main interest in fibrous reinforcement of concrete stems 
from patents taken out in the early sixties by the Battelle Development 
(2 
Corporation'4ý based on the theoretical and experimental work of 
Romualdi and Batson(2'S'2'6). Various claims were made for concrete 
reinforced with short pieces of straight steel wire, the most important 
of which was that if the average spacing between the fibres was less than 
8mm the matrix cracking strain would be inversely proportional to the 
square root of the fibre spacing. The theoretical justifications for this 
claim were based on a Fracture Mechanics/crack arrest type of analysis 
relevant to the behaviour of the material under uniaxial tension but the 
ý. 
experimental results were obtained from indirect tensile tests including 
split cylinder and flexural tests. Further papers followed from 
Romualdi and colleagues 
(2.7,2.8,2.9) 
and further patents were taken out 
by the Battelle Development Corporation 
(2.10,2.11) 
all basically 
reiterating the claim of increased matrix cracking strain for a reduction 
in fibre spacing for the same volume fraction of reinforcement. 
It was six years after the initial claims were made that the first 
dissension`s- appeared in a report by Shah and Rangan 
(2.12) 
at the 
Massachusetts Institute of Technology. Their test results, unlike those 
of Romualdi, were obtained in direct tension and did not support the 
spacing concept. Shah and Rangan(2'12) found that for a significant 
decrease in spacing there was only a slight (less than 5%) increase in 
tensile strength. They further suggested that the behaviour of the 
material could be predicted using a composite materials Rule of Mixtures 
approach. Further papers by Shah 
(2.13). 
and Shah and Rangan(2.14) 
restated essentially the same conclusions. 
The work of Shah and Rangan was soon supported by other workers 
including Dixon and Mayfield 
(2'15), 
Johnston and Coleman 
(2'16), 
Hannant(2'17) 
Edgington(2'18), Aveston, Mercer and Sillwood(2'19) all of whom measured 
fibre concrete properties in direct tension. The spacing concept of 
Romualdi et al is now considered an inappropriate method of predicting 
the behaviour of fibre concrete and other theories based on analysis of the 
behaviour of fibre composite materials in general are now well established. 
6. 
2.3 THEORETICAL PRINCIPLES OF FIBRE REINFORCEMENT IN TENSION 
2.3.1 Pre-cracking behaviour 
For all practical purposes the initial modulus, Ec, of 
concrete or cement reinforced with fibres aligned in the direction of 
stress will be given by the Rule of Mixtures as 
Ec =EmVm+Ef Vf ................ 2.1 
where the subscripts m and f refer to the matrix and fibre. 
If the fibres are not aligned, the volume fraction term Vf 
must be multiplied by an efficiency factor nl. The actual values of nl 
depend on the particular analysis and are given by Cox 
(2.20) 
as 1/3 for 
2-D random and 1/6 for 3-D random and by Krenchel(2'21) as 3/8 and 1/5. 
Further efficiency factors, again reducing the effective fibre volume 
fraction Vf, may be necessary to take account of fibre length and orientation 
in discontinuous fibre composites after the matrix has cracked, Laws 
(2.22) 
. Allen(2'23) 
2.3.2 Post-cracking behaviour 
A theoretical understanding of the behaviour of the composite 
after the matrix fails has been developed by Aveston, Cooper and Kelly 
(2.24) 
and later extended by Aveston and Kelly(2.25), Kelly(2.26) and Aveston, 
(2.19) 
and Sillwood'19ý . The theory developed for the case where the 
bond between the fibres and the matrix is considered purely frictional 
although involving some approximations, agrees well with the experimental 
results obtained for a variety of fibre types in brittle matrices. The 
theory shows that the strain of the matrix may be increased, but the 
increase will be much less than that predicted by Romualdi and co-workers 
(2.6,2.7) 
Kelly 
(2.26) 
has further shown that, if the bond is assumed 
perfectly elastic, the theory predicts an increased matrix cracking strain 
inversely proportional to the square root of the fibre spacing. This 
"fully-bonded" theory therefore predicts essentially the same result as 
the theory of Romualdi. However, it is shown that the fully-bonded theory 
predicts very large interfacial shear stresses at the fibre-matrix interface 
which are unlikely to be sustained in practice and will result in fibre 
debonding. Once fibre debonding has occurred, the behaviour of the material 
will then be predicted by the frictional bond analysis and therefore the 
very high matrix failure strains will not be observed. 
Much of the work of Aveston et al has been concerned with 
cement composites containing a sufficient, volume fraction of fibre of 
sufficient length, that multiple cracking of the matrix occurs. -, 
However, 
with fibre concretes it is not usually possible to include sufficient fibre, 
especially long fibres of high aspect ratio, to obtain multiple cracking. 
Most fibre concretes fail by fibre pullout across a single crack and therefore 
the post cracking properties are governed by the fibre-matrix bond, the 
fibre lengths embedded either side of the crack and the number of fibres 
spanning the crack. 
The main features of the theory are reviewed below: - 
The initial modulus of the composite will be given by Equation 
2.1, modified if necessary by the efficiency factors discussed above. 
If the fibre radius is not too small, the matrix will fail when it 
reaches its normal failure strain,, Figure 2.1. The analysis of the 
post cracking behaviour then depends on the fibre length and whether 
v. 
fu"f 
EE 
c mu 
Emu Emu (1+2) Efu 
strain 
FIGURE 2.1 idealised stress-strain curve 
the fibres are random or aligned. 
At least five cases can be identified and these are 
a) Z>>£c aligned, continuous 
b) L>R - aligned c 
c) Z>k random c 
d) k<! C aligned c 
e) L<t random c 
where 2. is the fibre length and tc the critical fibre length ie. the 
shortest length of fibre which could be fractured in the composite. 
Since most fibre concretes fail by fibre pullout, and since the 
fibres are not usually aligned in the direction of stress, their behaviour 
will be best described by Case (e). 
2.3.3 Continuous aligned fibres L» ýý 
When the matrix cracks at its normal failure strain, emu the 
subsequent behaviour will depend on whether the fibres can sustain the load 
previously carried by the composite i. e. whether 
cfu of > Ec mu .................. 2.2 
If this is the case, then the load carried by the fibres is transferred 
back into the matrix over a length x' and the matrix is eventually broken 
into a series of blocks with lengths between x' and 2x'. The value of x' 
4i 
can be determined by considering the balance of load mu Vm required to 
break unit area of matrix and the load transferred by the fibres per unit area 
of composite over the distance x' due to the fibre-matrix frictional 
bond strength t. Hence, for a continuous aligned fibre composite where 
the number of fibres crossing a plane is N= Vf/ßr2 
(2.25) 
Vor 
m mu x= Vf 2T 
where r is the fibre radius. 
............... 2.3 
The additional stress, &Q f, on the 
fibres when the matrix cracks 
will vary between mu Vm/Vf at the crack surface and zero at x' from 
the crack. The average additional strain in the fibres is equal to the 
extension per unit length of composite at constant load EcEmu and is 
given by; 
Aeý mu 
Vm 
ýfEf 
ac 4E mu i. e. c2 
EV 
where a_mm EfVf 
............. 2.4 
The crack width, since the matrix strain relaxes from Emu to Cmu/2 
will be 
W° Emu (1+a) X' ............. 2.5 
When-cracking is complete, all the blocks will be less than the length 
2x' needed to transfer their breaking load QmuVm and any further increase 
in load on the composite will result in the fibres sliding relative to 
the matrix and the modulus of the c0 omposite will approach EfVf, Figure 2.1. 
2.3.4 Aligned fibres k>k 
When the fibres are discontinuous, the equations of Section 
2.3.3 must be modified to take account of those fibres which do not have 
both their ends at a sufficient distance from a crack to transfer their 
full share of the load back into the matrix. Again, it is assumed that 
when the matrix cracks there is a linear transfer of stress from the fibres 
bridging the crack into the matrix. The crack spacing may be calculated 
by considering the distance xd from the first crack that is required for 
the fibres to transfer the load r Vm per unit area of the composite back 
into the matrix. The number of fibres with both ends at a distance 
greater than xd from the crack and therefore able to transfer their full 
(2 
share of the load is N (1-2xd/L)'19) . The remaining 2xdN/2. fibres have 
one end less -than xd from the crack and transfer load over a mean distance 
xd/2. Equating the total load transferred to amuVm 
gives 
27r rT xd N (1-xd fit) a 
muVm 
for N= Vf/ßr2 this becomes 
x1m. 
a 
nur x` 
.......... 2.6 d (1-xd R Vf 2t (1-xd'" 
where x' is given by Equation 2.3 
Hence Xd =R± (&2-4tx')' 
......... 2.7 "2 
and since xd t it is the smaller root which is required. 
12. 
A plot of Equation 2.7 is shown in Figure 2.2 and it can 
be seen that the crack spacing is close to that of the continuous fibre 
material until the fibre length approaches 4x'. 
Figure 2.2 
xd 
x' 
iX 
Crack spacing for short aligned or short random 2-D fibres relative to the 
corresponding continuous case, Equation 2.7. (after Aveston, Mercer and 
Sillwood (2.19) 
D 
The ultimate strength acu will be less than the continuous 
fibre case since a proportion Rc/L of fibres will have an end within a 
distance Ic/2 of a crack and will pull out instead of breaking. The 
average stress on fibres which pull out is equal to 1 Qfu 
and hence a cu will 
be 
a 
1- cQV 
............... 2.8 Cu 2ý fu f 
2.3.5 Random fibres V"t 
c 
For the 2-D random case Aveston et a1(2'19) have shown 
that the upper bound for the post cracking modulus is 
13, 
E= 
Efyf 
c2 ......... 
2.9 
and the upper bound for the ultimate strength 
ofuVf 
ocu =2......... 2.10 
assuming that the fibres are elastic and that the composite breaks when the 
strain in the most highly strained fibres reaches the fibre breaking strain. 
This case is more relevant to glass fibre reinforced cement 
than to fibre concrete and Laws 
(2.22) 
and-Allen 
(2.23) 
have considered 
the relevant efficiency factors in some detail. 
2.3.6 Aligned fibres £<L 
The pullout force for a single aligned fibre is given by 
F, = 2nrTx ........... 2.11 
where x is the embedded length. 
For a discontinuous fibre composite the mean pullout length will be k/4 
and hence the force per unit area of composite required to pull out 
the fibres will be 
F N,. 2rrt L/4 ........... 2.12 
For. aligned fibres N= Vf/Trr2 and so, if the pullout force per unit 
area of composite is greater than Ecamu, the composite strength will be 
Q 
VfTL 
........... 2.13 
cd 
14. 
2.3.7 Random fibres Z<Rc 
is 
I 
The number of fibres crossing a plane for the 2-D random case 
_2 
Vf 1vf 
N 
irr 
2 and for 3-D random 
N_ 2 
nr 
2 (2.25) 
so, if the pullout force does not vary with angle, the strengths should 
be 
IT and 
2 
respectively of the aligned case, Section 2.3.6. It has 
been shown by Naaman and Shah 
(2.27) 
and Aveston, Mercer and Sillwood(2.19) 
that the peak pullout force for inclined fibres does not vary appreciably 
with the angle. 
2.3.8 Fibre Spacing, Specific Fibre Surface and their influence 
on Crack Spacing and Matrix Cracking Strain 
Although, as discussed in Section 2.2 the increased matrix 
cracking strains predicted by Romualdi et al for small fibre spacings have 
not been observed in practice there is still some controversy regarding 
the usefulness of the concepts of fibre spacing and fibre surface area per 
unit voluma of the composite. 
Krenchel(2'28'2'29) considers both these parameters are vitally 
important in predicting the behaviour of fibre cements. His suggestion, 
based on the work by Shah and Key(2'30) on ferrocement, is a linear 
relationship between crack spacing and Specific Fibre Surface, S. F. S. 
(S. F. S. being defined as the total surface area of all fibres within unit 
volume of composite excluding the areas of the cut fibre ends). S. F. S., 
which is obviously independent of fibre orientation, is evaluated by 
Krenchel for cylindrical fibres as 
15. 
SFS =d . 
Vf 
For a 
. 
linear relationship to exist 
x'. d4. 
Vf 
= constant 
......... 2.14 
.......... 2.15 
Rewriting the crack spacing equation of Aveston et al, Equation 2.3 above, gives 
essentially the same result 
'. 4 , 
Vf 
_ 
Qmu m 
äT ........... 
2.16 
However, the value of T in 2.16 will vary with the particular type of 
fibre and therefore 2.15 is only likely to hold for individual fibre 
types in"the same matrix. 
The spacing between fibres in the matrix may be calculated in 
several ways. Either from the average spacing between the centroids of 
fibres 
(2.7), 
or from the number of fibres crossing a unit area of a plane 
(2 
section through the material'29ý . The actual values will vary depending on 
whether the array is assumed square, triangular, hexagonal or some other 
(2 
configuration. Krenchel'29ý considers the plane section case and obtains 
for aligned cylindrical fibres in a square array a mean spacing given 
by 
sd=0.68 2 ýý ff ........... 
2.17 
other fibre orientations differ only in the value of the constant in 
2.17. From 2.14 and 2.17 it can be seen that for a given fibre volume 
fraction and fibre diameter 
SFS¢ 1/s .............. 2.18 
16 .ýi 
From a detailed consideration of the energy requirements for a crack 
to form in the matrix, Aveston, Cooper and Kelly 
(2.24) 
have shown that 
the matrix will fail either when it reachesits normal cracking strain 
emu or when the strain reaches a value £muc whichever is the greater. 
£muc is given by 
1/3 
£ 
12TYm Ef Vf 
muc =EV...... 2.19 
cmm 
where YM is the work of fracture of the matrix and r the fibre radius. 
Equation 2.19 implies that, for a given fibre type at a constant volume 
fraction, the matrix cracking-strain will be inversely proportional to 
the 1/3 power of the fibre radius. From Equation 2.17 this implies that 
an enhanced matrix cracking strain will vary inversely with fibre spacing 
to the power 1/3 and may also be related by Equation 2.18 to a variation 
in S. F. S. 
However, the values of the parameters in 2.19 necessary to 
increase the matrix cracking strain are not generally found in conventional 
fibre concretes. Aveston, Cooper and Kelly 
(2.24) 
plotted Equation 2.19 
for Portland cement reinforced with steel fibre and their result is reproduced 
in Figure 2.3. The horizontal line indicates the cracking strain of the 
unreinforced matrix and it can be seen that even for a rather high value of 
T of 7MN 
m72 the matrix cracking strain is not likely to be 
substantially increased unless the volume fraction is very much higher, 
and the diameter very much smaller, than is generally the case. It seems 
very unlikely therefore that the concepts of S. F. S. or fibre spacing are 
of much use for practical fibre concretes. 
1I. 
FIGURE 2.3 
Vt2/d [m 
Plot of Equation 2.19 after Aveston, 
Cooper and Kelly (2.24) for steel fibre 
reinforced cement. 
£0. 
2.4 THEORETICAL PRINCIPLES OF FIBRE REINFORCEMENT IN FLEXURE 
The testing of brittle materials in direct tension is usually 
avoided because of the problems of ensuring that the specimen is not 
subjected to extraneous bending moments which may be imposed during gripping 
or may arise from slight misalignment of the gripping system. Instead, 
brittle materials are usually tested in flexure where these problems are 
more easily avoided. The bending stress on the outer surface of the 
beam is computed from beam theory assuming elastic behaviour and the value 
of the maximum stress is known as the Modulus of Rupture (MOR). For an 
ideal linear elastic material the MOR will be equal to the direct tensile 
strength, although a factor may be required because of the difference in the 
volume of material stressed. However, fibre cements and concretes exhibit 
substantial non-elastic behaviour and therefore the MOR will not provide a 
direct measure of the ultimate tensile strength. Allen 
(2.31) 
has shown 
that the response in bending can be predicted if the tensile and compressive 
stress-strain curves are known and an exact relationship between the MOR 
and ultimate tensile strength for a brittle matrix composite has been derived 
by Aveston, Mercer and Sillwood(2'19) assuming the tensile stress strain 
(2.24) 
predicted by Aveston, Cooper and Kelly '24ý . Aveston, Mercer 
and Sillwood have shown that MOR/uts is a function of a, 
EV 
Emvm a' ff 
and Efu/Emu and varies from a lower bound of unity where efu =emu 
to a maximum of 3 at high values of a and c fu 
/smu' Hannant(2'32) 
has provided a much simplified treatment of flexural behaviour which is 
similar in some respects to that of Aveston et al 
2'19) 
and enables many 
19 
of the results obtained in practice to be explained. Laws and Walton 
(2.33) 
have 
recently shown that provided the strains on the compression and tension 
faces are recorded during a bending test then it is possible to calculate 
the complete tensile stress-strain curve. 
2.4.1 Basic Mechanism of Strengthening in Flexure 
on application of load to a fibre concrete beam the initial 
stress and strain distribution will be shown as in Figure 2.4 assuming 
elastic behaviour of the matrix. 
Figure 2.4 
a 
comp 
Neutral 
axis 
tension 
When the matrix cracks a proportion of the applied load will be sustained 
across the crack by the bridging fibres. Because of the crack, the 
measured tensile strain will increase and the neutral axis will move 
nearer to the compression surface of the beam. The particular shape 
of the stress block after cracking will depend on the type and size of 
20 
fibre and the volume fraction. 
Figure 2.5. 
Figure 2.5 
compression 
tension 
after Hannant (2.3) 
ieut; 
is 
Hannant 
(2.32) 
has shown that by making assumptions about the shape 
and size of the stress block in the tensile zone after cracking, many 
of the properties of fibre concretes can be predicted with reasonable 
accuracy. It is assumed that the stress block is rectangular and that 
the neutral axis is at D/4 from the compression surface of the beam as 
Some possible shapes are shown in 
shown in Figure 2.6(b). 
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Figure 2.6 
Stress blocks in flexure. 
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In order to achieve fibre strengthening in flexure the value of f is 
calculated by setting the moment of resistance of Figure 2.6 (a) equal 
to the moment of resistance of Figure 2.6 (b). 
Moment of Resistance (a) = at D 2D =atD2 
2236 
Moment of Resistance (b) =f 3D 13 D=f 13D2 
4 24 32 
Hence, f= 16 . at = 0.41vt ........................ 2.20 
39 
This implies that provided the post cracking strength for large 
strains exceeds 0.41 of the tensile strength, flexural strengthening 
can occur. 
The fibre pullout force per unit area of composite will be 
Nn rT 1/2 (Section 2.3.6) 
So f= Nir r TL/2 ................ 2.21 
Putting at in Equation 2.20 equal to aMOR gives 
aMOR 
= 2.44f 
= 2.44 N7r rT £/2 
For a 3-D random composite N =1 
f 
2 nrl- 
so, aMOR = 1.22 Vf T ß/d 
...... .......... 2.22 
or 1.22 times the direct tensile strength (Section 2.3.6) 
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2.5 BOND STRENGTH 
It has been found in practice that most fibre concretes fail due 
to the fibres pulling out across a crack and the performance of the material 
in this case is limited by the bond between the fibre and matrix. It is 
argued that an increase in the bond strength would enable a greater 
proportion of the ultimate strength of the fibres to be utilized and hence 
a composite of 
(2.25) 
greater strength obtained. However, Aveston & Kelly 
have pointed out that simply increasing the bond strength of the interface 
may not necessarily achieve this aim since the shear strength of the matrix 
in cecnentitious composites is relatively low. 
The majority of measurements of bond strength have been obtained by 
pulling out a single fibre embedded in the matrix. This type of test has 
been used by de Vekey and Majumdar 
(2.34) 
and by Krenchel(2.21) to obtain 
bond value for steel and glass fibres in cement paste. Not only do the 
values obtained vary considerably with the curing conditions and age at 
test, the results for nominally identical specimens show considerable 
scatter with Coefficients of Variation of up to 40 - 50%. 
(2.35) (2.36) 
Mayfield and Zelly , Tattersall and Urbanowicz and 
Maage 
(2.37) 
have investigated the effects of a wide range of treatments, both 
chemical and mechanical, to steel fibres with the aim of increasing bond strengths. 
Their work has shown convincingly that the best results are obtained in single 
pullout tests when the fibres are mechanically deformed in such a way that 
some positive anchorage is provided. However, large increases in single 
pullout bond strength are not always reflected in increased performance of 
(2.18) 
the composite The reasons for this may lie in the pullout behaviour 
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of fibres inclined at an angle to the pullout direction, particularly when 
there are other fibres in the near vicinity. These effects have been 
investigated by Naaman and Shah 
(2.27) 
who found that although the pullout 
load for inclined fibres and parallel fibres is of the same order, the 
pullout work increases for angles up to about 450. Furthermore, with 
many fibres inclined at 600 the peak load and the pullout work per fibre 
decrease significantly as the number of fibres pulling out from the same 
area increases. 
These considerations make it difficult to place a great deal of 
confidence on the bond strength of fibres in the composite determined from 
simple pullout tests. 
Other than single and multiple pullout tests another way of 
obtaining a value of the bond strength is from the crack spacing equation of 
Aveston, Cooper and Kelly 
(2.24) 
, Equation 2.3 above. Aveston, Mercer and 
Sillwood 
(2.19) 
have used this approach to determine the bond strength of 
steel fibres in cement. 
Some values for bond strength of steel fibres and polypropylene 
monofilament fibres are given in Table 2.1. 
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2.6 WORK OF FRACTURE 
The Work of Fracture, y, of a material is the energy required 
per unit area of fracture surface to break the material into two pieces. 
It`is generally obtained from the area under the load deflection curve 
of a three point bend specimen broken in a slow and controlled manner. 
For a composite material Harris 
(2.40) 
has summarised the separate energy 
absorbing components in the fracture process as 
1) work of fracture of the matrix 
2) work of fracture of the fibres 
3) energy required to debond fibres from the matrix 
4) elastic energy released after fibre-matrix debond 
5) frictional work required to pull fibres from the matrix 
6) plastic work of shearing fibres that do not lie normal to 
the crack face. 
In a brittle matrix/ductile fibre composite such as steel fibre concrete the 
major componentis likely to be 5) with the terms 1), 3) and 4) being 
relatively small. Term 2) may be of importance in polypropylene fibre 
concretes if the fibre length is sufficient to ensure fibre fracture. 
It is the enhanced work of fracture of fibre reinforced cements 
and concretes that is the most conspicuous property of these materials. 
Although this has been recognised to some extent in the literature there 
is a lack of data on work of fracture of many fibre reinforced cements and 
concretes. Most authors who have quoted values of "toughness" give the 
area under the load deflection curve relative to the area for the 
unreinforced matrix. Shah and Rangan 
(2.12) 
and Blocd(2.41) took the 
area under the complete load-deflection curves and found increases in toughness 
of 20 and 40 respectively for concrete and mortar reinforced with steel fibre. 
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In terms of serviceability of components Johnston 
(2.42) 
has pointed out that 
it is the area under the load- deflection curve to some acceptable deflection 
which is important rather than the area under the complete curve. 
Consequently he gives values of relative toughness which are based on the 
area to maximum stress and are therefore much lower than those of Shah and 
Rangan 
(2.12) 
and Blood(2.42) . Hughes and Fattuhi? 
'43) quote values 
of relative toughness for a variety of fibre types in concrete, the area under 
the curve being taken to a deflection of 1.5 mm with a 102 x 102 x 508 mm beam. 
Briggs 
(2.44) 
has measured the work of fracture, y, of carbon fibre 
reinforced Pottland Cement and finds a value of 6 kJm 
2 
for a 
Vf of 1.2%. Ali, Majumdar and Rayment (2.45) obtained approximately 4 kJm 
2 
with 4% of aligned carbon fibre and Harris, Varlow and-Ellis 
(2.46)about 
4 kJm 
2 
with 2% of random chopped steel wire. Aleszka and Beaumont 
(2.47) 
obtained values of up to 20 kJm 
2 
with 2% of 0.25 mm diameter, 
25 mm long, fibres in mortar. For comparison Aveston et al 
(2,19) 
give 
the work of fracture of cement as 4 Jm 
Cottrell 
(2.48) 
has shown the work of fracture in tension due to 
fibre pullout is given by 
Vf T R2 
Y .......... 2.23 
24d 
where T is the frictional sliding bond strength, P. the fibre 
length and d the fibre diameter. 
It is interesting to note that y will vary with the square of 
the fibre length whereas the strength varies linearly with fibre length, 
Equation 2.13, Section 2.2.4 above. 
0 
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2.7 IMPACT 
Since the work of fracture of fibre reinforced cementitions 
materials is considerably greater than that of the matrix alone, it is 
to be expected that the impact performance will be similarly improved. Although 
there is agreement in the literature that impact performance is good, very 
little work has been done to quantify this property. This may have occurred 
because there is no acceptable standard. method for determining impact 
resistance and a variety of tests, including explosives and dropping balls 
on a range of specimen shapes and sizes, have all confirmed the good impact 
performance of these materials. 
Some of the earliest results on fibrous concrete were obtained by 
Williamson'2'49) in 1965 using drop-weight and explosive loading to 
determine the relative performance of various fibre additions. The drop- 
weight tests showed that nylon reinforced beams could absorb considerably 
more energy than either plain concrete beams or beams reinforced with E- glass 
fibres. The explosive tests showed a considerable reduction in spall velocity of 
slabs reinforced with 1.75% of 76 mm long nylon compared with complete 
disintegration and considerably higher spall velocity of plain concrete slabs. 
The Battelle Patent of 1969 
(2.11) 
quotes increases in the Charpy 
impact energy of 25 x 25 x 102 mm beams from 1.36 Nm for plain 
concrete to 13.56 Nm for 2% by volume of 0.15 mm diameter fibres. 
Nanda and Hannant 
c2.50) 
using a "number of blows to no rebound" drop 
weight test found that whereas plain concrete failed after 5 blows steel fibre 
concrete with 5% by volume of fibre could withstand up to 100 blows. 
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Dixon and Mayfield 
(2.51) 
using Green's Ballistic Pendulum 
(2.52) 
found an increase in the number of blows to no rebound from 9 to 23 when 
1% by volume of 0.25 mm diameter x 25 mm round steel wire was added to the 
mix. 
Johnston 
(2.42) 
tested steel fibre reinforced mortar specimens, 
22 x 22 x 100 mm cut from 100 x 100 x 500 mm beams, in a Charpy machine and 
found increases of up to 10 times that of the plain mortar. His results 
exhibited considerable scatter which he attributes to the non-uniformity of 
fibre distribution in the small specimens. 
Krenchel 
(2.28), 
also using a Charpy Machine but with 40 x 40 x 160 mm 
-2 
spcimens, obtained impact energies of up to 30 k jm for a volume fraction 
of 0.9% of 25.4 mm long fibre of aspect ratio 170. The impact energy for 
2% by volume of 12.7 mm long fibre of aspect ratio 85 was only 20 k Jm `. 
Ali, Majumdar and Singh 
(2'53) 
found an approximately linear increase 
in the Izod impact energy with increasing volume fraction of glass fibre in 
cement. The impact energy at 28 days of composites containing 6% by volume 
of glass fibre was 15 to 20 times that of the matrix alone. It was also found 
that the energy increased with increasing fibre length. 
Edgington 
(2.18) 
used a modified Charpy impact test machine to 
determine the energy required to completely fracture 100 x 100 x 500 mm 
concrete beams containing a variety of steel fibre types. The machine was 
modified in such a way that the kinetic energy imparted to the specimen 
by the pendulum could be measured and the energy obtained from the rise angle of 
the pendulum after fracture corrected to account for the energy not used in 
the fracture process. The main finding was that the impact energy increased 
linearly with fibre content for all fibre types tested with the exception of 
0.5 mm diameter x 50 mm crimped steel fibre. Composites produced with this 
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crimped fibre exhibited disproportionately 
increasing fibre volume fraction. However 
results for this fibre type may have been 
the beams were not completely fractured in 
from 5 kJm 
2 
to 30 kJm 
2. 
large increases in energy with 
it was considered that the 
an over estimate since many of 
a single blow. Values ranged 
31. 
CHAPTER 3 
LITERATURE SURVEY OF IMPACT TESTING 
3.1 INTRODUCTION 
The use of an impact test to examine the behaviour of a 
material when subjected to a rapidly applied load can be traced 
at least as far as 1872. This was the year in which J. Hopkinson 
published an account of "An investigation into the effect of a blow 
by a falling weight on the lower and free end of a wire, the upper 
end of which is fixed" (3.1). Since that time there has been a 
steady interest maintained in impact testing and there are now many 
commercially available machines for routine testing as well as 
special machines for research purposes. 
Basically, there are two types of impact tests. In the first, 
the aim is to measure the energy absorbed during rapid fracture of a 
standard specimen and, in the second, to determine the number of times 
a standard impact may be applied to the material before failure - which 
may be variously defined - occurs. 
The most familiar types of apparatus for measuring the former 
parameter are the well known Izod and Charpy machines which have been 
used extensively for research work and routine screening tests on 
metals. Both of these machines use the potential energy stored in 
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a raised pendulum-to completely fracture the test piece, the only 
important difference being in the way in which this is supported. 
In the Izod test it is clamped at one end and the free end is 
struck, while in the Charpy test it is simply supported and is 
struck at the mid-span. For both machines, the energy absorbed 
is calculated from the rise angle of the pendulum after fracture. 
Izod and Charpy machines are in such common use that they are 
subject to various national standards (3.2,3.3,3.4) which cover 
their design, capacity and the size and shape of the test-peice to 
be used. 
The "number of blows to failure" test is usually performed 
on a drop-weight impact machine. In its simplest form this consists 
only of a weight which can be raised and then released from a known 
height to fall vertically onto the specimen. More sophisticated 
types have guide rails and a ratchet system to catch the weight on 
rebound. This type of test has been widely used on a variety of 
non-metallic, brittle materials, including concrete, but has not been 
much used in metals testing where the aim has been to produce rapid 
fracture with a single blow in order to determine any propensity 
towards brittle failure. Drop-weight machines are, however, used 
for this test simply by ensuring that the impact is of sufficient 
magnitude to cause failure in one blow and by measuring the velocity 
just prior to impact and just after. The energy absorbed can then 
be calculated. 
Other types of impact test machines exist but have never 
gained the popularity of the pendulum and drop-weight machines. 
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Included in this category are machines which utilise the energy 
stored in a spring or a heavy fly wheel rotating at speed. Other 
testing is, of course, designed to closely approximate impact 
conditions which may be encountered in service. Here we may include 
explosive testing and proof testing, e. g. driverless cars directed 
into crash barriers. -A different approach is used in the Hopkinson's 
Bar test where a stress pulse is initiated at one end of a bar of 
the material and the progress of the induced stresses and strain. 
is measured along the length of the bar. This type of test is not 
so much concerned with inducing failure as with the propagation 
characteristics of body and surface waves in a material. 
Of the research papers concerned with impact testing, by far 
the greatest proportion is devoted to studies of the impact testing 
of metals. Very little by comparison is concerned with impact 
behaviour of composites or of brittle building materials. 
The literature survey, therefore, is concerned mainly with 
those aspects of the development of instrumented Charpy testing of 
metals which are relevant to the devleopment of a pendulum impact 
test for fibre concrete. 
In metallurgical testing the Charpy test initially gained 
considerable popularity because of the apparent simplicity and 
economy of material which allowed the toughness of wrought and 
cast steels to be easily and quickly determined. However, when 
large numbers of service failures due to brittle fracture of 
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structural steels occurred about the time of the Second World War, 
much closer attention was given to testing methods and the mechanics 
of fracture of such steels. This gave rise to considerable interest 
in a second generation of impact testing machines, instrumented to 
record load and deflection of specimens during fracture although 
the first instrumented tests had been undertaken much earlier. 
Research undertaken in the past ten years has highlighted 
the complexity of the impact test, and has shown the necessity 
for awareness of the factors which may affect the results if the 
data is to be correctly interpreted. 
3.2 INSTRUMENTED IMPACT TESTING OF METALS 
A considerable number of papers give results of tests carried 
out using instrumented Charpy machines, however, many of these do 
not give very precise details of the techniques used and will not 
be discussed. 
The first results were obtained in 1928 by Yamada (3.5) who 
measured the change in pendulum velocity using an optical device. 
This work was followed a few years later by Watanabe. (3.6) who 
measured the impact load on the anvil with a quartz crystal and 
obtained force-deflection curves by double integration of the force- 
time curves (see Appendix I for discussion of the use of load-time 
curves). 
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In 1941 Brown and Vincent (3.7) published tensile stress- 
strain curves for steel and wrought iron specimens broken in a 
pendulum machine at speeds of 3 ms-1 to 9 ms-l. The load was 
again measured piezo-electrically, with a specially designed load- 
cell incorporating two quartz crystals, and was displayed on an 
oscilloscope and photographed to give a permanent record. Strain 
was measured by arranging that the pendulum interrupted a light 
beam shining on a vacuum photocell tube as it moved through the 
specimen. The output from the photocell was then used to deflect 
the oscilloscope beam in the x-direction. This deflection measuring 
device was calibrated, both statically and dynamically. The static 
calibration being performed by moving the pendulum known distances 
with a micrometer and noting the deflection of the oscilloscope 
beam. Dynamic calibration was effected by placing a spinning 
toothed disc of known dimensions in the path of the light beam., 
In this way the response of the system to rapid variations was' 
observed. Rupture of the specimens was found to occur after approx- 
imately 500 is and the load traces all showed a series of oscillations 
at 40 kHz. This frequency was found to be the same as the natural 
frequency of the stress gauge, and so the oscillations were not 
considered to represent true variations in stress in the specimen. 
Smooth lines, therefore, were drawn through the oscilloscope traces 
and the oscillations ignored. 
Tanaka and Umekawa (3.8) measured the impact force by placing 
two thin sheets of Rochelle salt crystal on the rear face of the 
hammer. A change in pendulum velocity during the test caused the 
4 
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crystals to develop a voltage difference which, after filtering, 
was displayed on an oscilloscope. Deflection was again measured 
using a photocell in a similar manner to that described above. Good 
agreement was claimed between the energy recorded from the photographs 
and that obtained from the rise angle of the pendulum. 
Ono (3.9) obtained load-time curves by fitting special. anvils 
incorporating strain gauges to a Charpy machine. No attempts were 
made to measure deflection directly but the impact energy was deduced 
from the load-time curves using the equation: 
Et VofPdt 
where Et is the energy absorbed in fracture of the specimen, 
Vo is the velocity of the hammer on hitting the specimen, and fPdt 
is the graphical integration of the load-time curve. Use of this 
expression implies negligible change in pendulum velocity during 
the test (see Appendix 1). 
... (3.1) 
Cotterell (3.10) used a barium titanate vibration gauge 
(G. E. C. gauge No. SP1101) placed 9.5 mm back from the knife edge to 
measure dynamic load. Piezo-electric gauges were chosen to avoid 
amplification problems which would have occurred if conventional 
wire resistance gauges had been used. Since these vibration gauges 
cannot measure static stresses, ä calibration bar was used. This 
consisted of 152 mm long, 19 mm square bar, conventionally wire 
strain gauged on both sides, with a striker pad 9.5 x 9.5 mm (the 
same size as the specimen cross section) attached at the mid-span. 
0 
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The bar was calibrated statically and then mounted in the Charpy 
machine and struck by the hammer. The outputs from the piezo- 
electric gauge and wire strain gauges were displayed simultaneously 
on a dual beam oscilloscope to give the calibration record. The 
load traces from the material tests all showed a rapid rise to 
approximately the same load level followed by a drop to almost 
zero. This drop was attributed to reflected tension waves in the 
hammer. It was also noticed'that the value of the initial load 
was proportional to the impact velocity. Again no direct measure- 
ments were made of specimen deflection but approximate load- 
deflection curves were drawn by assuming that the striker velocity 
varied linearly with time during the impact. The velocity after 
impact was simply determined from the rise angle of the pendulum. 
The energy measured from the area under the load-deflection curves 
was in all cases considerably less than the conventional value and 
this difference is attributed to energy dissipation during the 
initial impact, seat interaction losses and tossing losses. 
Augland (3.11) in his discussion of Cotterell's paper notes 
that his own method of measuring load, using wire strain gauged 
cantilevered anvils, gave very similar shaped load-deflection 
curves but he obtained a fair agreement between the area under 
the curve and the conventionally measured energy. His results 
were obtained with a large capacity machine which allowed the 
assumption of constant striker velocity during the test but, he 
suggested that the error due to a change in velocity can be corrected 
by application of the formula: 
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E Et (1 - 
Et/4Eo) 
where E is the corrected energy, Et the energy derived from the 
load-time curve and Eo the initial energy of the striker. This 
... (3.2) 
correction can be shown to be independent of the shape of the load 
time curve (see Appendix 1). Fearnehough (3.12) independently used 
Augland's correction factor and found reasonable agreement between 
the two methods for determining energy. 
Tardif and Marquis (3.13,3.14) used conventional electrical 
resistance wire strain gauges mounted on the modified impacting 
head of a Charpy machine to obtain a load record and a photocell 
system to measure deflection of the hammer. Calibration of the 
head was by static loading and the photocell was calibrated 
dynamically from the free-fall of the pendulum, assuming constant 
velocity over the distance of interest. Having measured deflections 
with the photocell, these were compared with values obtained from 
the double integration of the force-time curve and were found to 
be in excellent agreement. It was therefore decided to use the 
latter method for all the subsequent work. The authors went to 
considerable trouble to analyse the high frequency oscillations 
superimposed on the load-time curves and, after all the sources of 
electrical noise had been eliminated, two patterns of oscillations 
were still present - one a series of sinusoidal oscillations at 
20 kHz (1 cycle in 50 Us) and the other a series of three or four 
small oscillations at the beginning of the trace. Magnetostriction 
in the strain gauges was examined by replacing both the gauges and 
0 
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the striker with non-ferromagnetic counterparts, but neither the 
amplitude nor the frequency was altered. 
Misalignment of the specimen proved to be the cause of the 
oscillations at the beginning of the test and it was found that 
these oscillations could be removed completely by the application 
of a thin film of grease between the anvils and the specimen. 
Vibration of the pendulum arm was investigated by recording 
the output from strain gauges attached at various distances from 
the axis of rotation. From analysis of the data the frequency of 
the arm was found to be in the region of only 200 Hz, and energy 
calculations showed that there was negligible absorption by the 
pendulum. -. Stress-wave intereaction in the striker mass was varied 
by introducing an air gap between the striker head and the remaining 
mass. While this increased the stress-wave propagation frequency 
from 20 kHz to 60 kHz, there was no change in the 20 kHz oscillations 
on the load time curve. It was eventually found that these vibrations 
were caused by the transverse elastic vibration of the test-piece. 
An increase in anvil span from 40 mm to 70 mm produced a change 
in frequency from 20 kHz to about 13 kHz. Strain gauges mounted 
on the test piece confirmed this finding. 
Radon and Turner (3.15) used semi-conductor strain gauges 
(Microsystems Inc. DCO 6A7-16-350) mounted in machined recesses 
in either side of the striker nose. No amplification other than 
that provided by the CR0 was used. The load cell was calibrated 
0 
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statically by mounting a jack with a proving ring on the pendulum 
head and dynamic calibration was assumed to be equivalent. For 
deflection measurement a vacuum photocell (Mullard 90CV) was used, 
the light beam being cut by a small aluminium plate attached to 
the striker. Static calibration was by traversing the pendulum 
through known distances with a micrometer screw. The output was 
found to be linear except at the very edges of the cell which 
were normally obscured by the window. For dynamic calibration a 
variable speed motor was fitted with two arms of known width which 
were rotated at closely known speeds, and the output from the cell 
recorded. The authors claim that the overall system gave displace- 
ments of the pendulum nose accurate to 0.025 mm. 
From the above it is apparent that an appreciable number 
of workers used instrumented impact machines to measure both load 
and deflection. However, the results obtained were not always in 
close agreement and doubts were expressed concerning the interpretation. 
of the dynamic records. 
At this stage, various workers (3.13,3.14,3.15,3.16,3.17) 
began to look more closely at the interaction between the machine 
and the specimen during impact. From this work it soon became 
apparent that many previously unconsidered factors could affect 
the results. 
I 
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3.3 DISCUSSION OF THE PROBLEMS ASSOCIATED WITH IMPACT TESTING 
OF MATERIALS 
The impact test is superficially one of the simplest of' 
materials tests in use today but, in fact, it is probably the most 
complicated if accurate results, reproducible on other machines, 
are to be obtained. There is even some confusion in the literature 
concerning the naming of the energy value from Charpy and Izod 
tests. It is variously referred to as the Impact Strength, Impact 
Toughness, Impact Energy, etc., and may be quoted per unit area of 
cross-section or per unit area of fracture surface. The term Impact' 
Strength is particularly misleading since it is not a "strength" 
which is being measured at all but an "energy", and this energy 
is , in-fact the integral of the force-deflection curve. Use of 
the term Impact Toughness can also be misleading since the same 
energy can be recorded for a very strong, predominantly elastic 
material - which could not be considered tough in the true sense 
of the word since it would offer little resistance to crack- 
propagation - as for a very weak material which deforms in a 
plastic manner. The practice of quoting values per unit'area of 
cross-section or fracture surface could lead to erroneous estimates 
of the Impact Energy if simple scaling factors are applied to 
determine values for widely differing sizes. The exact dimensions 
and method of supporting the test-piece should, in any case, be 
fully stated. 
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However, even to record an accurate value of the Impact 
Energy depends on many characteristics of both the test-pieces 
and machine. A good illustration of this is provided by Bluhm (3.18) 
who investigated the effect of the flexibility of the pendulum arm 
on the recorded impact energy. It was found that specimens of 
closely controlled strength and toughness would fail with remarkable 
reproducibility in a machine with a capacity of 294 N m, giving an 
energy absorption of 17.6 Nm, but would all fail to break in a second 
machine of 21.7 Nm capacity. Further tests showed the effect was not 
due to the differing strain rates imposed on the specimens. Using 
a very simple analysis based on the assumption that the machine 
and specimen may be represented by a lumped mass and two springs - 
one representing the specimen and the other the pendulum - it was 
shown that if the stiffness of the pendulum is decreased then the 
peak force developed on the specimen will decrease. 
This, at least partly, explains the observations discussed 
above since, if certain values are assumed for the two spring constants, 
then a certain maximum load will be developed on impact. Now, if the 
specimen has a low strength, it will be broken and a certain energy 
will be recorded. If another specimen with the same energy absorption 
but a high strength is tested, it may fail to break under the same 
conditions. 
Priest and May (3.17) arrived at the same conclusion regarding 
the effect of pendulum stiffness. Their analysis gives the maximum 
load, P, on the specimen, assuming true three point bending and 
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constant pendulum velocity during the test, as 
P=Vt/ (Cm + Cs) ... (3.3) 
where V is the velocity of the hammer, t the time to fracture, 
Cm the compliance of the machine and Cs the compliance of the 
specimen. [Compliance is defined as deflection per unit load. ] 
The equation is interesting in that it illustrates very simply 
the way in which the maximum load is influenced by the rigidity 
of the pendulum/anvil combination. 
Bertolotti (3.19) discusses the instrumented Charpy testing 
of an extremely brittle A1203 ceramic and identifies four contributions 
to the conventional total impact energy measurement. These are: 
(a) mechanical loading of the specimen 
(b) mechanical loading of the test machine 
(c) test system ringing 
(d) inertial loading 
For a material exhibiting a fair degree of ductility the 
last three of these contributions may be small enough to be negligible 
but, for a highly brittle material, may be in excess of the mechanical 
loading of the specimen and totally erroneous values of impact 
energy will then be obtained unless due allowance is made. Inertial 
loading is obviously small when low impact velocities are used but 
will increase with the impact velocity. These, points require 
i 
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some consideratiön when testing plain concrete beams. 
Fahey (3.20) considers the aspects of design of Charpy 
impact testing machines with reference to the evaluation of machines 
which failed to reach the standards required by the U. S. Army for 
certification. He notes that the ASTM method E23 and the ISO 
Draft R442 differ regarding the fixing of the machine to an 
adequate foundation and comments that specimens registering 108 Nm 
in a fixed machine could indicate 122 Nm to 129 Nm if the machine 
wasnot adequately mounted. Similarly, Green (3.21) reporting on 
drop -weight tests made on concrete cubes states that with the same 
apparatus in two different buildings there was an increase in the 
number of blows required to break similar specimens of nearly 50%. 
Some other factors which may influence the recorded energy 
value include losses due to kinetic energy of the broken halves of 
the specimen, failure to design the hammer so that the centre of 
percussion is located in the middle of the striker face, looseness 
of any pendulum attachments or anvils, failure to proper. ly-'align 
the specimen with respect to the anvils and striker, inadequate 
clearance for the broken halves and improper geometry or dimensions 
of the striker resulting in highly localized deformation on the 
compression face of the specimen. 
The instrumented impact test provides a means of investigating 
the parameters mentioned above in some detail and it is necessary 
that their effects are understood if the load time/deflection curves 
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are to be properly interpreted. This is especially true of the 
effect of inertial loading on the specimen which, if not taken 
into account, can lead to inaccurate values of the fracture 
toughness, or the bending stress at fracture, calculated on the 
assumption of true three-point bending (3.14). 
Inertial loading may be viewed as the force caused by 
rigid body acceleration of the specimen from rest to a velocity 
near that of the tup (3.22). This force will be a maximum at the 
moment of impact and the value will depend on the acoustic 
impedances of the tup and specimen. The force will also be 
proportional to tup velocity at impact (3.23). Once the specimen 
acquires some velocity the inertial load will rapidly decrease but, 
for a highly brittle material, it may have reached a sufficiently 
high value to initiate fracture. 
Radon and Turner (3.15) carried out tests with the anvils 
of the machine removed and it was found that for standard unsupported 
specimens, forces of 8.9 kN were recorded on the tup. An approximate 
correction for the effect of inertia load is given in the appendix 
of the paper (3.15) and it is shown that the actual central bending 
moment may be written as max = W*L/4 
where W* 
W sin $ cos ß+ sinh ß cosh ß 
... (3.4) 
20 sinh2 0+ cos 2ß 
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T2 Ed2 
where W= the measured load 
L= span length 
p density of material 
T time to fracture 
E Young's modulus 
d2 = cross sectional area 
The end reaction at the supports is also evaluated and is given as 
RW cos ß cosh 
2 sinh2ß + cos2$ 
where W measured load 
... (3.5) 
The analysis is based on the assumption that the acceleration 
of each particle in the test piece is a constant and has that value 
which is necessary to bring each particle to its deflected state 
immediately prior to brittle fracture, from its initial state of 
rest, in the observed time to fracture. It is thus shown that 
the inertia resistance is proportional to deflection and, given 
this, the solution for a beam on an elastic foundation is used. 
For the steel specimens used in the tests (3.15) -L= 40 mm, 
b= 10 mm - it was found that for T= 60 Its, R was very close to the 
normal value of W/2. A zero end reaction would occur, however, 
(i. e. the specimen would break by inertial loading alone) if the 
time to failure was as short as 7 us. 
Venzi, Priest and May (3.16) also investigated the effect 
of inertia in some detail by instrumenting the hammer, anvils and 
specimens. They were particularly concerned with the cases where 
the amplitude of the oscillations on the load-time records 
represented a high proportion of the total failure load; a 
situation which can arise when testing brittle specimens at 
relatively high impact velocities. It was found that over the 
period during which inertia effects occur there is no simple 
relationship between the loads measured on the three components 
of the system and therefore it is not even possible to tell from 
the load-time curve exactly when fracture occurred, or at what 
load. 
Radon (3.24) has circumvented this problem to some extent 
by calculating the load at fracture from the expression: 
PUt 
where k the system stiffness, 
V= velocity 
t time to fracture 
... (3.6) 
= 1/(Cm + Cs) c. f. equation 3.3 
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The energy. available needs to be far in excess of the 
energy absorbed in impact in order that the assumption of constant 
pendulum velocity is valid and the time to fracture needs to be 
measured very accurately. This is best done by using a grid of 
conducting paint across the crack path and monitoring simultaneously 
with the load-time curve the instantaneous voltage changes as the 
crack advances. The time. to complete fracture can then be determined 
from the two records. - 
More recent work by Saxton et al (3.23) claims procedures 
enabling unambiguous identification of the inertial load and the 
maximum mechanical load, and also emphasises the control of inertial 
effects by reducing the tup velocity at impact. 
Another factor which requires careful consideration is 
the effect of reflected and transmitted stress waves in the system. 
Hughes and Gregory (3.25) using a drop -weight impact machine for 
concrete needed to apply corrections to their load-time traces to 
account for the superposition of stress waves reflected from the 
base of the load column. 
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CHAPTER 4 
DEVELOPMENT OF THE IMPACT TEST MACHINE 
4.1 INTRODUCTION 
The development of a machine suitable for flexural impact 
testing of fibre reinforced concrete benefited greatly from the 
earlier work of Edgington(4. 
l, 4.2) 
who had modified a Charpy 
Machine for this purpose during an investigation of steel fibre 
concrete. Initially it was proposed to instrument Edgington's 
Machine utilising a high speed, computer controlled data acquisition 
system to record load and deflection of the specimen during impact. 
However, it was realised in the early stages that quite substantial 
modifications to Edgington's Machine would be necessary and, after 
some preliminary investigations, the decision was made to abandon 
this machine and to design a new one based on the original concept, 
but with many novel features. 
The new machine was to retain the Charpy loading configuration 
and to be capable of testing specimens of up to 100 x 100 x 500 mm. 
It was decided to continue testing in flexural impact since it is 
flexural strength, not tensile strength, that the main benefits 
accrue from the use of fibrous reinforcement in concrete. The rather 
large specimen size is necessitated by the heterogeneity of fibre 
concrete. To obtain meaningful data from tests, the minimum 
dimension of the specimen should not be less than twice the fibre 
9 
ýv" 
length unless due-allowance is made for alignment caused by the 
mould faces. In any case, the minimum dimension should be five 
times the maximum aggregate size. 
4.2 INVESTIGATION OF EDGINGTON'S MACHINE 
4.2.1 General Description 
Edgington's machine has been extensively described elsewhere 
(4.1) and therefore only the more important features which relate to 
the design of a new'machine will be discussed here. 
The machine was constructed from an Avery Charpy Tester of 
the type commonly used in metallurgical testing. The main modifica- 
tions were the removal, by machining, of part of the pendulum head 
to allow it to pass through the concrete specimen after fracture 
without jamming and the provision of special specimen support 
carriages to replace the more conventional anvils. The complete 
machine with the pendulum approaching impact with a 100 x 100 x 500 mm 
concrete beam is shown in Figure 4.1. 
When testing small, typically 55 x 10 x 10 mm, metal specimens 
in a Charpy impact test the kinetic energy imparted to the broken 
halves of the test piece is usually ignored since it is small in 
relation to the work of fracture. In similar tests on concrete 
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FIGURE 4.1 IMPACT MACHINE USED BY EDGINGTON (4.1) 
Ä. 
V 
ýýý 
,ý 
., a 
ý. 
_y4"-"___ 
52. 
beams, weighing about 12 kg and measuring 100 x 100 x 500 mm, the 
amount of energy lost by the pendulum and transferred as kinetic 
energy to the broken halves is an appreciable proportion of the 
work of fracture. It is, therefore, necessary to accurately measure 
this kinetic energy in order to determine the correct impact 
energy. In Edgington's machine this was achieved by retarding 
the specimen halves after impact against close-coiled helical 
springs and ratchet systems. From a knowledge of the energy stored 
in the springs as a function of extension it was possible to determine 
the kinetic energy. 
4.2.2 The Specimen Support Carriages 
The specimen, was supported by two identical carriages mounted 
on either side of the machine. These consisted essentially of two parts, 
an inner and an outer frame. The inner frame clamped the end of the 
specimen allowing rotation of the broken half after fracture-and the 
outer frame, which was mounted on straight steel shafts, allowed 
translation against springs in the direction of pendulum travel. 
In this way both translational and rotational components of 
kinetic energy were converted to spring extensions which were locked 
at the maximum values by ratchet systems. 
The energy values measured in this way were subtracted from 
the energy absorbed in impact, as calculated from the rise angle of 
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of the pendulum in'the conventional manner (4.3), to give the energy 
required to fracture the specimen. 
Initial trials with Edgington's machine showed it to be 
very difficult to reproducibly calibrate the translational component 
of the specimen carriages due to the variable frictional forces 
exerted by the linear bearings. It was also found that slight 
changes in the direction of application of applied load could cause 
quite considerable differences in the force required to move the 
carriages. 
The mechanism for measuring translational energy would, 
therefore, have required considerable modification if it was to be 
retained in the re-designed system. 
Examination of Edgington's results showed that the pendulum 
lost typically 25-55% of its initial energy and that only 0.5-2% of 
this lost energy was accounted for by translation. Of-the remainder 
10-20% went into rotation of the broken halves and the rest, disregarding 
vibration and machine losses, into fracture. In the cases where the 
translational component was greater than 0.5-2% of the energy lost 
by the pendulum (crimped steel-fibre specimens) 70-100% of the 
initial energy had been dissipated and the translational component 
accounted for about 20% of this. Appreciable translations were 
only measured, therefore, when testing specimens with an energy 
absorption close to the capacity of the machine-. In such cases 
a substantial reaction is obviously developed at the specimen 
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supports and the load on the beam will depend on the stiffness 
of the system in accordance with Equation 3.3 and will be less 
than if the supports were rigidly fixed. Furthermore, when 
translation occurred, either during or before fracture, there 
was some misalignment of the striker and the impacted face of 
the specimen. This increased proportionately with carriage 
movement and may have reached as much as 150 as shown in 
Figure 4.2 The change in loading configuration would have 
been accompanied by a sliding frictional force as the striker 
face moved across the edge of the specimen. This would have 
caused a vertical load component to be applied to the linear 
bearings probably changing the friction force exerted by the 
bearings and thus altering the calibration. It is difficult 
to understand quite what the recorded energy value represents 
when this occurs. It was therefore decided, taking into account 
the extra difficulties that would arise in measuring the 
deflection of a travelling beam, to have specimen support frames 
rigidly fixed to the machine bed but to retain the rotational 
facility. With such a system the kinetic energy of translation 
of the broken halves of the specimen will, in any case, be recorded 
as rotational energy since the centre of mass is distance from the 
axis of rotation. 
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0 
(a) At moment of Impact. 
Striker and specimen 
face parallel. 
(b) During Impact. 
Striker inclined at angle 
to specimen face due to 
translation of specimen. 
Diagram approximately to scale. 
FIGURE 42 Misalignment of striker during specimen translation 
with original impact machine. 
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An important consideration regarding this axis of rotation 
is that it should be slightly outside the compression face of the 
beam. If, as in Edgington's machine, this is not the case, errors 
will be introduced in recorded energy values since, either energy 
will have to be expended in local crushing of the two fracture 
surfaces or, in pushing the broken halves through the inner frame 
as the pendulum head passes between the two halves, Figure 4.3. 
If the axis is positioned slightly outside the compression face this 
problem is avoided and, provided that the specimen ends are not too 
rigidly clamped, the beam may be considered to approximate to the 
simply supported condition. 
4.2.3 The Pendulum Arm and Impacting Head 
The design of a good pendulum impact testing machine requires 
that the Centre of Percussion of the pendulum assembly is at same 
distance from the axis of rotation as the centre of the struck face 
of the specimen. There is then no impulsive reaction transmitted 
to the machine frame on impact and the losses from this source are 
minimised. With Edgington's machine this could. only be achieved by 
bolting separate steel plates onto the pendulum head and this is best 
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avoided since ill-defined losses can easily occur due to looseness 
or slippage. This has been recognised as a potential source of 
energy loss by several workers (4.4,4.5). Furthermore, separate 
bolt-on masses can complicate instrumented testing due to the number 
and area of interfaces introduced which can result in complex 
patterns of reflected stress waves. 
Conventional Charpy impact testing of metal specimens is 
usually performed with a fairly sharp impacting edge, triangular in 
section, with a small tip radius. If this type of impacting edge is 
used on concrete local compression damage is caused and can constitute 
another unwanted energy loss. This is simply avoided by arranging 
that the impacting edge has a suitably large contact area with the 
specimen to avoid local crushing of the concrete. 
4.3 THE DESIGN OF AN IMPROVED MACHINE 
The various shortcomings of the existing machine discussed 
above could only be satisfactorily overcome by quite extensive 
modifications to the specimen carriages and the pendulum head. 
Even with these changes it was doubtful whether the machine would 
be suitable for instrumentation. Therefore, it was decided to use 
the experience gained from the critical appraisal of Edgington's 
machine to assist in the design of a new one having a nominal 
capacity of 1000 Nm, i. e. twice that of the original machine. 
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A general view of the new machine is shown in Figure 4.4. 
4.3.1 The Machine Frame 
Rather than construct an expensive and cumbersome frame, 
the pendulum was suspended from an inverted A-frame 
bolted through the ceiling of the temperature controlled test room. The 
new specimen support carriages were mounted on concrete blocks cast 
onto the concrete floor. In this way the building acted as the 
machine frame and considerable isolation was provided between the 
pendulum pivot and the specimen holders. Feed-back of impulsive 
loading from the holders to the pendulum was therefore kept to a 
minimum. 
The concrete blocks were reinforced with conventional steel 
reinforcing bars and crimped steel fibre (Figure 4.5). Each block 
was keyed to the floor with 20 mm high tensile steel dowels and a 
vertical mild steel beam. This beam was intended to act as an 
end-stop for the specimen support carriage and was provided with 
holes so that the carriage could be tightly bolted against it. 
Three bolts cast into each block provided a firm vertical anchorage 
for the carriages which were further restrained from movement by 
mild steel bars bolted to U-channels bearing on the end faces of 
the concrete blocks. 
The A-frame was bolted through the ceiling with high tensile 
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steel bolts bearing on large steel plates. An electric motor 
driving a pulley wheel through a worm and worm-wheel provided a 
simple and convenient means of raising the pendulum to any required 
height. To release the pendulum a short piece of polypropylene 
film fibre, joining the lifting rope to the pendulum head, was 
cut with an electrically heated wire. In this way, a simple 
vibration free release was obtained. The rise angle of the 
pendulum was determined from a pencil trace made on paper by the 
arrangement shown in Figure 4.6. The pencil was firmly attached to 
the end of a light-weight pointer fixed rigidly to the bearing shaft. 
In this way a permanent record of the angle of drop and the rise 
angle of the pendulum was obtained for each test. An engraved sheet 
of Perspex enabled the residual energy of the pendulum after fracturing 
the test beam to be read directly. 
4.3.2 The Specimen Holders and Support Frames 
The specimen holders are similar in concept to those used by 
Edgington (4.1) but are of a much more substantial construction and 
have the axis of rotation positioned to avoid the losses referred 
to in section 4.2.2. One of the partly completed holders is shown 
in Figure 4.7. The distance between the inner frames was 400 mm. 
The restraining springs which are not shown in Figure 4.7 are 
clearly visible in Figure 4.4. 
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The support frames were constructed from 100 x 50 mm mild 
steel welded to rolled steel joists. Needle roller bearings were 
used for the spindles of the specimen holders to provide a system 
with r very low friction. The restraining springs were removed 
from the machine and separately calibrated by noting the displacements 
of the end fastenings for incremental loads. The displacement of 
each spring, for each ratchet notch engaged, was then found and 
a calibration determined for each ratchet position. After each 
test, the number of the ratchets engaged by the pawl was noted 
and this was then simply converted to energy absorbed by the springs. 
4.3.3 The Pendulum Head and Arm 
Several important requirements were to be met in a new design. 
These were: - 
(a) that the centre of percussion be accurately positioned 
to ensure the minimum impulsive loading of the A-frame; 
(b) that it be possible to accurately and easily align the 
impacting face of the tup with the face of the test beam; 
(c) as few pieces of metal as possible be used in the head in 
order to minimise the number of interfaces; 
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(d) the tup should be capable of being instrumented with 
strain gauges to measure the load developed during 
impact and the gauges should be recessed to prevent 
them being damaged as the pendulum pushed through the 
broken specimen; 
(e) it should be possible to apply a static load to the tup 
for calibration purposes without having to remove it from 
the pendulum head; 
(f) the radius of curvature of the impacting face of the tup 
should be large enough to ensure that no local compression 
damage be caused on the impacted surface of the specimen; 
(g) the pendulum arm was to be kept as stiff as possible and 
be about 1.5 m in length, giving an impact velocity of 
approximately 5 ms-1 when released from the horizontal 
position; 
(h) the mass of the pendulum head was to be such that the 
potential energy would be about 1000 Nm when the pendulum 
was supported at the horizontal. 
The important features of the new head and tup satisfying the 
above requirementsare shown in Figure 4.8. 
The head was machined from one piece of mild steel and the 
tup from a hardened steel EN 24. The shaft was of cold drawn, seemless 
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FIGURE 4.8 NEW PENDULUM. HEAD AND TUP 
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steel tube with an outside diameter of 50.8 mm and a wall thickness 
of 4.76 mm. 
The particular shape of head was chosen to give the correct 
distribution of mass above and below the specimen to properly locate 
the centre of percussion. The point of attachment of the pendulum 
arm to the head was on the line of the centre of gravity to prevent 
any bending moment being applied to the arm when the pendulum was 
at its lowest point, i. e. at impact. The raised portions at the 
bottom of the block were intended to enable a slight adjustment 
to be made, if necessary, to the position of the centre of percussion, 
without altering the distribution of mass about the point of 
attachment of the arm. 
The choice of a tup able to be rotated within the pendulum 
head was made in order to meet the requirement for easy and accurate 
alignment between the tup and test beam. Small brass tabs served , 
to locate the disc in the pendulum head and these could be tightened 
to hold the tup at any required position. Alignment was carried 
out simply by loosening one of the tabs and pulling the pendulum 
against the specimen. The tab was then tightened sufficiently to 
prevent the tup rotating under the action of its own weight. 
4.3.4 Calibration of the Improved Machine 
The method of calibration was basically that described in the 
relevant British Standard, B. S. 131. 
6' 
The moment of the pendulum was determined by supporting 
it in the horizontal position on a load-cell. The force and the 
distance of the point of support from the axis of rotation were 
measured for two positions. The mean of the resultant moments 
was then taken as the moment of the pendulum. The Potential 
Energy for any release position was calculated from the relationship 
P. E. M (1 - cos a) .. (4.1) 
where M is the moment and a the angle of fall of the pendulum. 
Velocity at Impact, Vo, was determined from 
Vo =2gL (1 - cos a) .. (4.2) 
where g is the acceleration due to gravity and L the distance 
from the axis of rotation of the pendulum to the centre of the 
struck face of the test piece. 
The pendulum was set at the value of a required to give a 
particular potential energy and the vertical distance between a 
suitable point on the head and the floor measured. Thereafter, the 
pendulum head was raised to this height to give the required potential 
energy. 
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CHAPTER 5 
INSTRUMENTATION 
5.1 INTRODUCTION 
Most instrumented impact testing has been concerned with obtaining 
a record of the force developed on the impacting tup with respect to time. 
This record has then been used as an analog of the load-time behaviour 
of the specimen and has formed the basis for calculations of maximum 
load, energy absorbed, deflection and time to fracture. 
The force signal has most commonly been obtained from semi- 
conductor strain gauges mounted on the tup close to the striking edge. 
Since the time period is very short -a few hundred microseconds - an 
oscilloscope, with a camara has usually been used to record the data, 
all measurements being subsequently taken from the photograph. - 
More recently, storage oscilloscopes, digital transient recorders 
and computers (5.1) have been used. Some of these have included automatic 
integration of the load-time curve to give a display representing energy 
absorbed with respect to time (5.2,5.3). 
Of particular importance, whatever the system, is its ability 
to give an accurate representation of the dynamic behaviour of the part 
of the specimen in contact with the tup. To be assured of this requires 
a proper understanding of the frequency response of the components of 
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the system and an understanding of the significance of the signals 
produced by the tup instrumentation. Lack of sufficient attention to 
these two areas may well result in quite erroneous test results being 
obtained. This was further discussed in Chapter 3 and has been 
excellently summarised by Ireland (5.2). 
Instrumentation for the present work was designed to obtain 
load-time histories of specimens from strain gauges cemented to the 
tup. The load-time curves were then used as a basis for calculating 
the required parameters such as energy absorbed as a function of 
deflection. 
The tup was strain-gauged with conventional electrical resistance 
wire strain gauges so that it acted as a dynamic compression load-cell, 
the tup load at any time being assumed equal to the load on the specimen. 
Calibration was by the application of incremental static loads to the 
tup using a loading geometry identical to that in the impact tests. 
Confidence in the accuracy of this method of calibration was gained 
from comparisons of the conventional total energy absorbed (dial energy) 
for unreinforced specimens, with that calculated from the load-time curves. 
The load signals from the tup were recorded by a specially designed 
high speed data logging system built to the University specification by 
Sands-Whiteley Research and Development Limited*. 
Sands-Whiteley Research and Development Ltd., Cambridge Road, 
Orwell, Royston, Hertfordshire, England. 
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This system enabled the simultaneous recording of four 
independent data channels with a maximum sampling rate of 200 kHz, 
i. e. 5 . is 
between each sample. The heart of the equipment was a 
Texas Instrument's 960A minicomputer supported by a Data Dynamics 
teletypewriter. On the latter could be listed the numerical value 
of each channel after a data acquisition cycle and a punched paper 
tape output could be produced. With suitable programming, the load 
signal could be displayed on an X-Y plotter and deflection and energy 
absorbed by the specimen calculated and displayed in a similar manner. 
Some measured values of deflection were compared with the 
calculated, values and the agreement was found to be good. In fact, 
there seems to be little reason to attempt expensive and sophisticated 
instrumentation in order to routinely measure deflection at the beam 
centre in this type of instrumented impact test. 
Some trial tests were performed with an accelerometer mounted 
on the rear of the pendulum head in the hope that analysis of an 
acceleration-time curve would avoid some of the problems associated 
with the use of strain gauges mounted close to the impacting edge 
of the tup. However, initial results were not promising when 
compared with the load-time traces and therefore the system was 
abandoned. 
5.2 THE HIGH SPEED DATA ACQUISITION SYSTEM 
The high speed data acquisition system provided the following 
facilities: 
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(a) A stable voltage supply to the strain gauge bridges. 
(b) Amplification of the strain gauge bridge signal. 
(c) Analog to digital conversion of each channel value. 
(d) Accessing of the digitized values into the Texas 960A 
minicomputer memory. 
(e) Data manipulation and display using specially developed 
software. 
All four channels were individually amplified, sampled 
simultaneously, and then fed into memory between samples. 
Data acquisition was initiated by a photocell system mounted 
on the impact machine in such a way that data collection started just 
prior to impact. In this way the zero value of each channel was 
recorded for each particular test, this being important for subsequent 
determination of energy and deflection. The trigger was arranged by 
projecting an image of a bulb filament onto an opto-electric switch 
fixed permanently to the specimen carriage, Figure 5.1. A linear 
micrometer screw gauge was mounted on the pendulum in such a way 
that as impact approached, the micrometer spindle interrupted the 
light beam causing an abrupt change in the signal from the opto- 
electric switch. This method of triggering was found to be much 
more accurate and reliable than those requiring electrical connection 
of two contacts at high speeds. 
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FIGURE 5.1 PHOTOCELL TRIGGER. 
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Immediately after a test the data was unloaded onto punched 
tape, prior to any software operations, so that a complete, permanent 
record of each test was obtained. 
The four amplifier modules, housed in a separate cabinet 
from the computer, could be positioned close to the impact machine 
to reduce the length of cable through which the unamplified signal 
had to pass. The gauge supply voltage could be selected at the 
amplifier to have either of two pre-set values determined at the 
gauge supply regulator in the main console. Amplifier balance, 
bridge balance and gain could all be adjusted on each amplifier 
and monitored on a digital voltmeter (DVM) housed in the main unit. 
The amplified signals passed via a snake cable to the main 
computer console, Figure 5.2, where they were presented at the inputs 
to the Analog-Digital Converters (ADC's). They could also be 
monitored at the DVM or the oscilloscope. On initiation of a 
Direct Memory Access (DMA) all four channels were first sampled 
and held steady before being converted to digital in 8 bits. 
Channel 1 was then paired with Channel 2, and likewise 3 with 4, 
and the digitized values loaded into memory as two 16 bit words 
starting at a memory address determined by switches on the Direct 
Memory Access Controller (DMAC) Module. A similar set of switches 
determined the stop address of the DMA. The system resolution 
was limited to 8 bits per channel, i. e. 255 discrete intervals, and 
values outside this range were recorded as zero or full scale. In 
practice, this degree of resolution proved quite adequate. Two 
ranges were provided at the ADC's : +10 volt and 15 volt. In both 
cases the sensitivity was 40 mV/bit. 
ilk 
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FIGURE 5.2 THE HIGH SPEED DATA AQUISITION SYSTEM. 
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The time between samples could be set to either 5 or 10 us 
slaved to the computer clock, or at 100 ps and above, slaved to 
other timing circuits. 
A Digital-Analog Converter (DAC) Module was provided to output 
10 bits from memory locations chosen by programming and this signal 
could be fed to both the plotter and oscilloscope. The speed of 
output could be adjusted to suit the response characteristics of 
the plotter. 
The system band width was d. c. -1 MHz for 3 dB attenuation 
but this was reduced by filtering to d. c. - 200 kHz (3 dB) for all 
the tests reported here. 
A more complete numerical specification of the system is 
given in Appendix 2. 
5.2.1 Software 
The main. functions performed by the software were: 
(a) The extraction of particular channel values from memory. 
(b) Averaging of these values. 
- 
(c) Production of plots of channel values against time. 
78. 
(d) The integration and double integration of load-time curves. 
(e) Calculation of energy absorbed and deflection, 
5.3 LOAD MEASUREMENT 
Preliminary trials were performed with the tup shown in 
Figure 5.3. Conventional wire strain gauges (Techni-Measure TML PL-2) 
with a2 mm gauge length were mounted in one of the recesses. A full 
bridge configuration was used with two active gauges and two 'Poisson 
effect' gauges mounted at right angles. The resulting output signals 
even using a high gain and a high gauge supply voltage, were disappoint- 
ingly low and consequently a new tup was designed with two posts 
supporting the impacting face, Figure 5.4. This tup was initially 
strain gauged with four independent, full bridges, one either side 
of each post. Again, two active and two 'Poisson effect' gauges 
were used. With this arrangement very satisfactory outputs were 
obtained and the behaviour of the individual posts during impact 
was investigated. Load-time traces, typical of those obtained 
from impacts which resulted in complete fracture of plain concrete 
specimens, are shown in Figures 5.5,5.6 and 5.7. 
The most noticeable features are the rapid rise to a maximum 
load in approximately 75 us followed by a slightly longer period of 
unloading before the tup signal oscillates about the original zero 
with a frequency of approximately 14 kHz. 
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Impacting 
edge 
FIGURE 5.4 New tup 
Diameter 200mm 
Full thickness 38mß:, recessed 
1OO from each face. Post 
thickness 18mm. 
see also Figure 5.8 
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This 'ringing' is probably due to a complex series of 
vibrations of the tup and the pendulum. However, it is clear that 
it is caused to some extent by lateral oscillation of the posts since, 
averaging the outputs from the two bridges on opposite faces on the 
lower posts resulted in considerable attenuation of the ringing 
amplitude. Figure 5.5,5.6,5.7. Similarly, for the bottom left 
and upper right bridges. However, this is not the case for bridges 
on the same side of the tup. 
Similar tests were carried out on fibre reinforced specimens 
and these confirmed that the amplitude of the ringing was considerably 
reduced when the bridges on opposing faces were averaged. Consequently, 
new gauges were installed to cancel bending in the posts. 
The new configuration consisted of two independent bridges, 
one on the upper post and one on the lower. The two active gauges 
were mounted on opposing faces of the posts, in opposite arms of the 
bridge, and one Poisson effect gauge was mounted at right angles to 
each active gauge, Figure 5.8. A typical load-time plot for a similar 
plain concrete specimen, tested in an identical manner to those tested 
using the previous bridge configuration (Figure 5.5,5.6.5.7), is 
shown in Figure 5.9 This particular bridge pattern (with reduced 
Tinging amplitude) was then used throughout the remainder of the 
test program. 
5.3.1 Load Calibration 
The whole pendulum assembly, arm, head and tup, together with 
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FIGURE 5.8 NEW TUP WITH STRAIN GAUGES ON UPPER AND LOWER POSTS. 
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the wiring, was removed from the impact machine and placed in an 
Avery 100 tonne Universal Testing Machine, and the tup loaded through 
suitable packing in the form of an aluminium block having the same 
edge dimension as the concrete test beams. At each increment of 
load a short direct memory access was initiated and the values 
listed at the teletype. This procedure was carried out at various 
gain settings to provide a range of sensitivities and periodic 
checks were made during the main test programme, and at the end, 
to check that the calibration did not change. 
It was found important to carefully 
align the tup and the aluminium packer in order to minimise assymetrical 
loading of the posts as this was not always obviated by movement of the 
tup or the ball seating platen on the machine. 
For this static calibration to be valid at the rates of loading 
encountered in the impact tests, it is necessary that the material 
from which the tup is made, the strain gauges and the adhesive used 
to bond them to the tup, do not show any sensitivity to strain rate. 
One method of checking the static calibration is to compare the 
energy lost during the pendulum swing (the dial energy) with that 
calculated from the load-time curve assuming the statically determined 
load calibration factor. This was done for a series of tests on plain 
concrete specimens where the initial pendulum energy was 250 Nm and 
the velocity at impact 2.852 ms-l. The results, which are given in 
Table 5.1, show a reasonable agreement and the statically determined 
load calibration factor was accepted and used in all subsequent 
calculations of energy and deflection. 
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TABLE 5.1 
Energy Absorbed by Specimen 
Obtained from Rise Angle of 
Pendulum (Dial Energy) (Nm) 
Energy Absorbed by Specimen 
Calculated from Load-Time 
Curve (Nm) 
59 68.3 
59 68.2 
58 67.5 
58 64.5 
59 66.0 
54 56.7 
54 55.8 
55 56.9 
52 55.2 
62 57.0 
58 57.5 
58 56.1 
55 56.1 
56 55.2 
58 54.2 
58 55.9 
58 54.2 
54 55.6 
54 53.4 
55 55.6 
58 57.5 
56 56.8 
x=57 x=58.3 
s=2.4 s=4.9 
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5.4 DEFLECTION MEASUREMENT 
Initially it was hoped to measure mid-span deflection of the 
test beam during impact. However, no inexpensive, relatively simple 
device with a sufficiently high frequency response was available. 
Any such device would almost certainly have to be non-contacting 
at the point of measurement, both to avoid being severely damaged 
by the broken specimen or pendulum and further, to avoid inertial 
effects which would be present with an attached system. This 
requirement alone was sufficient to rule out most non-optoelectronic 
devices such as linear variable differential transformers, LVDT's, 
and clip-on extensometers. Devices dependent on change of 
capacitance, such as commercially available proximity transducers, 
were considered but both range and frequency response proved limited. 
However, the position of the pendulum head can be determined 
from the load-time curve using the equation: 
v0 t-1ffP dt dt .. (5.1) 
where x is the deflection, Vo the velocity of the tup just prior to 
impact, m the mass of the pendulum and P the load at time t (see 
Appendix 1). Since deflection is zero when first contact occurs 
between tup and specimen, and since the tup and specimen must be 
in contact if the former is registering load (discounting, of course, 
the superimposed ringing on the load-time curve) then the deflection 
of the beam from the point of initial impact is known at various 
stages throughout the test. 
Thus, it was decided to calculate deflections and to check 
the values obtained in a small series of carefully conducted tests. 
5.4.1 Calculation of Deflection 
The value of the double integration of the load-time curve 
required in Equation 5.1 above was obtained from the digitized load 
values stored in memory using the following routine in the data 
analysis programs run on the Texas 960A computer. 
90. 
'AF 
91. 
Start 
Zero Registers Al & A2 
Get Nth Memory Value 
where t is the time between samples in is, AR the first integral of 
the load-time curve in Ns and IN the second integral in Ns2. 
I Convert to Load, P Newtons 
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The value of m used in the calculation was the total mass 
of the pendulum assembly (68.5 kg). It is permissible to neglect 
the mass of the specimen (about 12 kg) since this contributes no 
more than a few percent to the computed deflection, the equation 
being relatively insensitive to the value of m. 
The velocity at impact, Vo, was determined as described in 
4.3.4 above. 
5.4.2 Measurement of Deflection 
In order to check the calculated values of deflection the 
time interval for the pendulum head to travel a predetermined distance 
from the point of impact was measured. The calculated deflection was 
then compared with this pre-measured value. The system is shown 
schematically in Figure 5.10. The probe was made of thick copper 
wire supported remote from the machine and its foundations. The 
micrometer was first set to trigger the data access in the usual 
manner and then, with the tup resting against the specimen, the 
probe was positioned slightly ahead of the spindle. The distance 
between probe and micrometer was then measured by advancing the. 
micrometer whilst monitoring the relevant channel at the oscilloscope. 
It was found that this distance could be repeatably measured to within 
0.02 mm. Before commencement of the test the micrometer was reset to 
the trigger position. At the instant of contact between probe and 
spindle, the value of the channel changed to full-scale. A representative 
93. 
trace is shown in Figure 5.11 and the calculated and measured values 
compared in Figure 5.12. 
High Speed data 
acquisition system 
vOv S_ S+ 
91111 
Thick copper 
contact wire 
FIGURE 5.10 Schematic diagram 
body 
d 
of deflection measuring circuit 
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CHAPTER 6 
PRODUCTION OF THE PLAIN AND FIBRE REINFORCED CONCRETES 
6.1 THE CONCRETE MIX 
It was decided to follow the procedures established in the laboratory by 
Edgington (6.1) for the production of steel fibre concrete. Only one 
mix design with a 10mm maximum aggregate size was used and this was chosen 
because the mix had previously been shown to be satisfactory for steel 
fibre concrete. 
The mix proportions by weight were 
Cement 1.00 (OTC Batch 88 and Batch 93) 
Total water 0.48 
Free water 0.40 
5mm maximum Aggregate 2.04 (Uncrushed Bedfont Pit) 
lOmm maximum Aggregate 1.36 (Uncrushed flint gravel) 
Batch 88 of the Ordinary Typical Cement was used for all the long term 
(221 year) specimens and Batch 93 for the short term (2 month) specimens. 
The Chemical analysis and physical properties of the cements are given in 
Appendix 2. A typical grading curve for the sand is shown in Figure 6.1. 
Sufficient material was batched to enable fix 100 x 100 x 500 mm beams 
to be cast from each mix. 
Figure 6.1 
ZONE 2 
N 
N 
d 
N 
C 
N 
u 0 w d 
SIEVE SIZE 
7.5pm 150 300 600 1.2mm 2.4cm 
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6.2 THE FIBRES 
The fibre types chosen for the investigation are shown in Figure 6.2 and 
their physical properties are given in Table 6.1. 
The steel fibre types exhibit two distinct methods of improving bond 
strength over that of plain round wire. Both Duoform and melt extract 
fibres had an irregular cross-section whereas the crimped and hooked-ends 
fibres had a uniform cross-section but were not straight. The polypropylene 
is distinquished by its low elastic modulus relative to steel and its high 
failure strain. 
Using the steel fibres with the highest aspect ratio (100) it was found 
possible to incorporate 1.2% by volume in the mix without causing any 
problems of "balling-up" of the fibres. Slightly higher volume fractions 
than 1.2% could have been achieved, especially with those fibres with a 
lower aspect ratio than 100 and the mix compacted successfully, but it was 
thought better to keep somewhat below the maximum. 
Initial trials with the chopped fibrillated polypropylene film fibre showed 
that 1.2% by volume could also be added to the mix without any problems 
although the surface finish on the trowelled face was rather poor with the longer 
polypropylene fibres. 
Specimens of all the fibre concretes were produced with a volume fraction 
of 1.2% and some of the fibre types were also added at 0.6% by volume to 
J 
determine the effect of volume fraction on the properties of the hardened 
concrete. 
E 
U 
0 
0 
a 
0 w 
a 
0 
a 
un 
P- 
N 
C7 
H 
W 
O 
H. 
b 
b 
C) x 
0 
0 
0 
L 
x 
0 
E 
0 
w 
0 
00 
M 
x 
00 
ö 
0 
as 
. -a 
0 
a 
0 P4 
0 
Lr% 
M 
E 
0 
w 
0 
O 
0 
U 
td 
i. i 
DC 
r-t 
Ln 
CV 
x 
Co 
ö 
2 
98. 
N 
ýD 
C. 7 
H 
W 
W 
a 
0 
0 
a 
a) 
.o 
W 
a ca d 
H 
g 
" o, 00 stir- p 
r+ "y 
> 
sou oO cnvý "ý 
z 0 ,4c° ý Ei 4 " o ca a o 0 0 0 o 00 00 6a 4- 0oz a o 0 0 0 .O G1 r= O 
>+ ý', U R3 N tV N N . -ý V V V1 ö3 
N 3 
o ö 
c o 
rn 
f--1 w %D 
H "x w 
u 00 O O 0 o 0 n 
z a .o'o %D %0 .o 0 0 0b w ao a 00 Co 00 00 00 00 , -a 1-4 N4 ZWu 
Ax N r'- r- N- N- N- N- rn o' a0 41 a 1+ Co to cti W C) 
o 14 C0 
o C) "-4 ", ý+ sý "ý tu w O ÜU 
.ý ", -I 44 
O 
" d 110 10 1-) w U 
w r4 E-4 Co -x Ö (D 
al W ) 
m E c 
oo 0 ö cö Oc 
. -.. 
ý 
Co - 0 O 14 lw " -4 O e ui un cry %. 0 u1 O U, AO ö N N 
O OO O O O t r-+ r-I ac 
1-4 
H Cd 
" 
CS r.. ý 
° 00 °° ° C) 
p ° ° . o ° N N- c 
b 41 1- 
U) b b C) 
41 - "v ) a 
r-4 b "-1 1010 Co w cu 
c: cu C 0 ' A ää 
0 , C "ri 
Pa -H r. Co . "j r, 41 
P-4 C 41 ý C ` 14 om 
t0 - -i 
, zvý m z ýn as 
ii"Pi wW 
it "'. I 
to) u Z , C) 
2 
"d "0 d 
1 
iC m b 7-4 
a) c) Ai 0 10 1-4 
O - x i1 ü ä "i - 
U 0 ° .o R: 4H A 
H 
O 
x 
i -ß . i H UU : o. oW 
dl 
d 
0 
0 y 
si . 92 c m P. c0 w+ a) O 
U 
ß+ ra 
0 
C a 
n ä 5' xä v 
99. 
100. 
6.3 MIXING PROCEDURE 
The aggregates were oven dried at 1050C for 24 hours and then allowed 
to cool before being weighed to the predetermined proportions. They were then 
placed in an airtight polythene container and the total mix. water added. 
The sealed container was then allowed to stand for 24 hours so that the 
aggregate could absorb moisture and reach a saturated Surface Dry condition 
before mixing. A Liner Cumflow Mixer, Type 0, of 0.08m3 capacity with a 
power driven rotating pan and paddle was used. The contents of the polythene 
container were emptied into the dry mixer pan and the mixer run for 1/ minutes 
to recombine the aggregates. The cement was then added and mixing continued 
for a further 2 minutes. The quality of the mix was then assessed by slump 
and V. B. tests carried out in the manner prescribed in B. S. 1881 (6.2). 
The slump of the plain concrete was between 20-50mm and the V. B. time 2-4 
seconds. 
6.3.1 Addition of Steel Fibres 
Initial trials with the hooked-ends steel fibres, which were supplied glued 
together in batches of ten fibres, Figure 6.2, showed that very good fibre 
distribution could be obtained simply by scattering the fibre bundles onto the 
mix and then continuing to run the mixer for 3 or 4 minutes until the 
individual fibres were well dispersed. 
The other steel fibre types were introduced into the mix using the 
oscillating hopper described by Edgington (6.1). This consisted basically of 
a reciprocating mesh of sufficient size to ensure that the fibres fell 
individually onto the mix and were immediately carried away into the concrete 
by the action of the mixer. A general view of the equipment is shown in 
Figure 6.3. Mixing was continued for 1 minute after the last fibre had 
fallen through the mesh. 
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6.3.2. Addition of Polypropylene Fibres 
Approximately half of the required quantity of fibre was scattered evenly 
over the surface of the mix and then mixing continued for 20 seconds. The 
remainder of the fibre was then sprinkled over the surface and mixing 
continued for a further 20 seconds, This method was found to give a 
satisfactory distribution of fibre and also to open out some of the 
individual fibres allowing greater penetration by the cement. The mixing 
time was short enough, however, that shredding of the fibres did not occur. 
6.4 COMPACTION 
The mix was placed in one layer into the l00xlOOx500mm steel moulds 
resting unciamped on a laboratory vibration table. The moulds were then 
vibrated and continually topped up until full. The surface was then 
finished with hand floats. The period of vibration required for the fibre 
mixes was approximately 4 minutes. 
6.5 CURING 
The moulds were labelled and placed in a fog room maintained at 100% 
Relative Humidity and at 20°C { 1°C. After 16 - 24 hours the specimens 
were stripped from the moulds and then returned to the fog room. 
Specimens for the long term (2ý year) tests were removed from the fog 
room after 28 days and placed in damp condition under polythene sheeting 
in the laboratory. Periodically they were further damped to maintain a 
high humidity environment. The short term (2 months) test beams were 
allowed to remain in the fog room until immediately prior to testing. 
103. 
CHAPTER 7 
11 
ENERGY ABSORBED BY FIBRE REINFORCED CONCRETE 
IN SLOW RATE THREE POINT BENDING 
7.1 INTRODUCTION 
A series of tests was performed on a group of specimens similar to 
those tested in impact to determine the energy absorbed in bending at a 
conventional slow rate of loading. A Denison T60C machine, adjusted to 
provide a constant rate of cross-head movement, was used with the loading 
configuration the same as in the impact tests, i. e. centre point loading 
with the 100-x 100 x 500mm beam simply supported on a span of 400mm with the 
trowelled face of the beam in tension. The load-deflection curve for each 
specimen was recorded on an X-Y chart recorder and the energy absorbed 
during bending to a maximum central deflection of 10un was determined from 
the area under the curve. Although none of the specimens were notched, 
failure always occurred on the tensile'face close to the middle of the beam. 
Several beams were fitted with strain gauges on the tensile face 'to 
determine the strain in the concrete at failure for comparison with the 
strains measured in the impact tests. 
7.2 EXPERIMENTAL TECHNIQUE 
7.2.1 Energy absorbed 
.' 
The Denison T60C machine was set to provide, as near as possible, a 
104. 
constant rate of cross-head movement of approximately 0.05mm s-1. 
Load on the specimen was measured by a load-cell incorporated 
between the centre loading bar and the upper platen of the machine, 
Figure 7.1. The signal from the load-cell was recorded on a Bryan's 
X-Y-Y chart recorder, calibration being obtained by loading the 
load-cell in series with a proving ring. 
Deflection of the beam at the point of application of the load 
relative to the supports was measured by two linear variable differential 
transformers (LVDT's) mounted as shown in Figure 7.1. The output from 
each LVDT was fed to a buffer amplifier and the amplifier gains adjusted 
to provide the same calibration factor for each LVDT. The outputs from 
the buffer amplifiers were then summed before connection to the chart 
recorder for the tests. 
The area under the load-deflection curve to the required deflection 
was obtained by weighing the cut-out curve on a balance and multiplying' 
the weight by the appropriate conversion factor for the particular paper 
used. 
____ -___ ____ 
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7.2.2 Tensile Strain at failure 
A total of six of the two and a half year old specimens were 
strain -gauged to obtain the tensile strain in the concrete at failure. 
Conventionafelectrical resistance wire gauges with a 60mm gauge length 
(Techni-Measure PL - 60) were used in a full-bridge configuration with 
the one active gauge bonded centrally to one of the moulded faces of the 
beam adjacent to the trowelled face. The specimen was positioned in the 
machine so that-the gauged fäce was strained in tension. The out of 
balance bridge signal was amplified by one of the high speed data 
o. c'. quisition system amplifiers and the amplified signal fed to the second 
Y pen on the X-Y-Y chart recorder, the other pen being used to record the 
load-deflection curve as described in Section 7.2.1. 
107. 
7.3. PRESENTATION OF RESULTS 
The concrete mix details and the method of specimen manufacture were 
described in Chapter 6. 
The types of fibre used, the volume fraction and the age at testing 
are given in Table 7.1. 
Representative load-deflection curves for each type of material 
tested are shown in Figures 7.2 - 7.15 and the maximum load and the energy 
absorbed in bending are given in Tables 7.2 - 7.4. 
Typical load-strain curves for plain concrete and crimped steel fibre 
concrete at age two and a half years are shown in Figures 7.16 - 7.18. As 
expected, there was little difference between the load-strain curves for 
plain and fibre concrete up to about 1501, strain. It is difficult to 
determine a precise strain at failure but all the curves showed a very rapid 
rate of increase in strain, corresponding to a crack across the gauge length, 
after about 200-300 u strain. This value agrees well with that obtained by 
Edgington (7.1) using a different technique. 
0 
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TABLE 7.1 
FIBRE TYPES, FIBRE VOLUME FRACTION AND ACE AT TEST 
OP THE SLOW RATE BEND TEST SPECDIENS 
STEEL FIBRE TYPE AND SIZE VOLUME AGE A 
FRACTION (2) TEST 
O. Smm dig. z 50 mm. HOOKED-ENDS 1.2 2 nth. 
"DRAMIr" (BERAERT LTD. ) 
2 nth. 
0.5mm dig. x 50mm, CRIMPED 1.2 2 nth. 
(HIGH C) (GKN LTD. ) 
0.6 2 nth. 
1.2 21 yr. 
0.5mm dig. x 5Omm. CRIMPED 1.2 21 yr. 
(LOW C) (GKN LTD. ) 
0.38mm dig. x 38mm, DUOFORH, 1.2 2 nth. 
(NATIONAL STANDARD LTD. ) 
1.2 21 yr. 
''0. & dig. x 25mm. STAINLESS 1.2 2 nth. 
MELT EXTRACT, (NATIONAL STANDARD LTD. ) 
CHOPPED 75mm long, 12,000 denier 1.2 2 nth. 
FIBRILLATED (BRITISH ROPES LTD. ) 
POLYPROPYLENE 
1.2 21 yr. 
35am long, 12,000 denier 1.2 2 nth. (BRITISH ROPES LTD) 
1.2 21 yr. 
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TABLE 7.2 
SLAW THREE POINT BEND TESTS 
ON PLAIN CONCRETE 
AGE AT TEST MAXIMUM 
LOAD (kj)* 
ENERGY 
ABSORBED TO 
MAXIMUM LOAD 
(Nm) 
2 months 10.4 3.20 
10.5 2.07 
8.9 2.00 
10.3 3.43 
9.3 2.80 
9.5 2.53 
9.9 3.60 
9.5 2.64 
9.5 3.06 
9.7 2.71 
8.6 2.84 
- 9.6 
o-0.6 
. 2.81 
0-0.50 
21 years 10.5 2.52. 
11.8 2.00 
12.6 2.18 
11.7 1.62 
i- 11.6 
0.0.9 
i-2.08 
a-0.37 
* lOkN is equivalent to an MOR of 6HNu 
2 
10 Nm 1 kJm 
2 apparent work of fracture 
OR 
based on specimen cross-section 
10-Nm 0.5 kJm 
2 apparent work of fracture 
based on nominal fracture surface area 
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TABLE 7.3 SLOW THREE-POINT BEND TESTS ON STEEL-FIBRE CONCRETE 
FIBRE TYPE, 
VOLUME FRACTION, Vf 
AGE AT TEST 
MAXIINN 
LOAD (kN) 
* 
ENERGY ABSORBED 
AT DEFLECTION 
OF 5 mm (Nm) 
ENERGY ABSORBED 
AT DEFLECTION 
OF 10 mm (Nm) 
17.6 71.3 113.1 
0.5 x 50 mm, 13.0 54.3 96.1 
Hooked ends 11.3 42.0 67.0 
Vf = 1.2% 15.4 61.4 . 96.0 
2 months 
10.6 37.4 57.2 
x= 13.6 x= 53.3 x= 85.. 9 
a=2.9 a= 13.9 a= 23.0 
10.7 30.1 49.0 
0.5 x 50 mm, 11.1 29.4 47.0 
Hooked ends 11.9 47.7 78.8 
Vf = 0.6% 10.4 40.0 66.7 
2 months 
10.7 22.7 36.6 
12.9 42.2 65.7 
x= 11.3 x= 35.3 x- 57.3 
a=0.9 a=9.4 a= 15.7 
0.5 x 50 mm, 
Crimped High Carbon 
Vf = 1.2% 
2 months 
x 
a 
11.6 
10.2 
12.3 
9.2 
9.1 
12.5 
= 10.8 
= 1.5 a 
43.6 
38.6 
42.7 
31.9 
39.3 
45.4 
= 40.3 
= 4.9 
69.4 
59.9 
67.2 
51.2 
74.4 
73.7 
= 66.0 
a=8: 9 
11.4 37.1 61.0 
0.5 x 50 mm, 12.6 36.7 58.1 
Crimped High Carbon 12.1 27.9 42.6 
= 0.6% V 12.5 26.8 37.3 f 12.1 43.0 68.9 2 months 11.1 28.3 48.0 
x = 12.0 x = 33.3 x- 52.7 
a = 0.6 a = 6.6 a- 12.0 
14.8 60.4 101.6 
0.5 x 50 mm, 
14.7 60.3 100.9 
Crimped High Carbon 13.2 
46.8 66.2 
V 1.2% 
18.7 61.6 96.6 
f 15.8 61.6 94.3 
21 years 16.6 66.4 112.8 
x - 15.6 x = 59.5 x= 95.4 
a - 1.9 a = 6.6 a= 15.7 
10 Nm -1 kJm 
2 apparent work of fracture based on specimen cross-section 
OR 
10 Nm = 0.5 kJm 
2 apparent work of fracture based on nominal fracture surface area 
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TABLE 7.3 Cont. 
FIBRE TYPE, ENERGY ABSORBED ENERGY ABSORBED 
VOLUME FRACTION, Vf 
ýD aT) 
AT DEFLECTION AT DEFLECTION 
AGE AT TEST OF 5 mm (Nm) OF 10 mm (Nm) 
* 
17.5 59.1 81.6 
`0.5 x 50 mm 16.6 40.8 49.3 
Crimped Low Carbon 16.8 69.7 104.6 
Vf = 1.2% 15.3 65.5 107.6 
21 years 
16.2 59.2 82.7 
13.2 39.9 55.1 
X = 15.9 x = 55.7 = 80.2 
a = 1.5 a = 12.5 a= 24.2 
15.7 29.7 34.4 
0.38 x 38 mm, Duoform 13.4 27.7 33.5 
= 1.2% V 
13.4 20.2 22.4 
f 14.9 28.2 34.8 
2 months 14.1 21.2 23.5 
15.2 27.8 31.1 
x = 14.5 = 25.8 = 30.0 
a = 0.9 a = . 4.0 a=5.6 
15.4 18.8 21.8 
0.38 x 38mm, Duoform 17.6 20.8 22.7 
17.3 24.1 25.7 
= Vf 1.2% 15.5 18.1 19.6 
21 years 17.4 30.9 33.5 
16.9 17.1 18.2 
X = 16.7 = 21.6 = 23.6 
a = 1.0 a = 5.1 a=5.5 
10.8 35.9 55.9 
ti 0.8 x 25 mm Melt- 
12.0 26.1 41.1 
extract stainless 
10.8 27.3 40.9 
12.5 31.7 48.9 
Vf = 1.2% 12.3 31.4 44.7 
12.0 30.3 47.4 2 months 
x = 11.8 x = 30.4 x= 46.5 
a = 0.7 a = 3.5 a=5.6 
* 10 kN is equivalent to an MOR of 6 MNm 
2 
10 Nm =1 kJm 
2 apparent work of fracture based on specimen cross-section 
10 Nm - 0.5 kJm 
2 apparent work of fracture based on nominal fracture surface area 
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TABLE 7.4 SLOW THREE POINT BEND TESTS ON POLYPROPYLENE-FIBRE CONCRETE 
FIBRE TYPE, ENERGY ABSORBED ENERGY ABSORBED 
VOLUME FRACTION, Vf LOAD 
(k) AT DEFLECTION AT DEFLECTION 
AGE AT TEST OF 5m m (Nm) OF 10 mm (Nm) * 
75 mm, 12,000 denier 10.1 31.9 43.2 
V = 1.2% 
10.2 39.5 70.3 
f 9.0 24.3 32.2 
2 months 9.8 24.7 34.6 
10.2 34.6 44.7 
9.4 26.4 35.5 
= 9.8 = 30.2 = 43.4 
a=0.5 a = 6.1 a = 14.1 
75 mm, 12,000 denier 12.9 44.4 61.2 
V 1.2% 11.3 27.9 36.4 f 10.7 26.9 31.9 
21 years 12.4 27.3 35.1 
10.7 32.4 38.4 
12.1 37.1 46.2 
x= 11.7 x = 32.7 x = 41.5 
a=0.9 a = 6.9 a = 10.8 
35 mm, 12,000 denier 11.4 21.2 29.1 
= 1.2% V 
10.3 21.4 31.4 
f 9.7 24.3 33.2 
2 months 11.2 . 18.3 24.8 9.0 22.5 31.9 
10.2 20.2 27.4 
x= 10.3 x = 21.3 x = 29.6 
a=0.9 a = 2.0 a = 3.2 
35 mm, 12,000 denier 11.3 25.0 35.5 
_ 1.2% V 
9.5 18.8 23.5 
f 10.8 19.6 24.6 
21 years 10.2 21.4 29.3 
10.9 20.9 27.7 
11.2 19.5 25.8 
x= 10.7 = 20.9 - 27.7 
a=0.7 a - 2.2 a = 4.4 
* lOkN is equivalent to a MOR of 6 MNm 
2 
10 Nm =1 kJm 
2 apparent work of fracture based on specimen cross-section 
10 Nm = 0.5 kJm 
2 apparent work of fracture based on nominal fracture surface area 
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7.4 DISCUSSION OF THE RESULTS 
Only a brief discussion of the major differences between the 
behaviour of the various composites in slow bending will be given here 
since a detailed comparison will be made between the results obtained 
at slow and impact rates in Chapter 9. 
With regard to the load carrying capacity of the beams and, 
therefore, the Modulus of Rupture (MOR) it will be seen from Tables 
7.2 - 7.4 that there is little difference between plain and fibre 
reinforced concrete. However, those specimens containing 0.38mm x 
38mm Duoform fibres and also specimens with the crimped steel fibres at 
1.2% by volume and at 21 years did . consistently show a higher maximum 
load, 
representing an increase in mean load carrying capacity of approximately 
40% - 50% over that of the plain concrete. Some of the other steel fibre 
concretes showed smaller increases but the improvements in load carrying 
capacity by themselves cannot be considered to be of great practical 
significance. 
Of much greater importance is the ability of the fibre reinforced 
concretes to continue to absorb energy after macro-cracking of the concrete 
has occurred. The energies absorbed by the plain concrete beams up to the 
maximum load are given in Table 7.2 and it will be seen from Tables 7.3 - 
7.4 that, to a deflection of 5mm, many of the fibre concretes absorb an 
order of magnitude ,,, more energy than the plain concrete. 
However, because the beams were tested with thetr, owelled face 
resting on the bottom rollers of the machine, the slope of the load- 
deflection curves is much less than should have been obtained. This was 
due to deformation of aggregate particles - or "high-spots" - under the 
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rollers causing an. anomalously high deflection of the beam to be 
measured. It will be seen from Figure 7.2 that the measured central 
deflection was of the order of 0.5mm whereas the expected deflection 
would be about 0. lmm. Much lower deflections were measured on the strain- 
gauged beams which were tested with the trowelled face to one side, Figure 
7.16. The main aim of the investigation, however, was concerned more with 
the post-cracking ductility of fibre concretes than with the accurate 
measurement of the work of fracture of plain concrete which, in any case, 
would have required the measurement of the descending portion of the load- 
deflection curve. Since the fibre concrete beams were tested with the 
trowelled face as the tension face, they are subject to the same errors 
in the deflection measurement. The energy absorbed by the majority of the 
fibre concretes to 5mm deflection is so considerably greater than that 
absorbed by the plain concrete that, to a first approximation, the energy 
absorbed in failure of the matrix may be considered negligible. For 
crimped steel fibre at 1.2% by volume the error involved to a 5mm deflection 
is only about 5%, rising to about 13% for the shorter length polypropylene. 
These figures are probably within the overall experimental error. 
The observed mode of failure for most of the fibre reinforeced 
concretes was by fibre pullout, with little evidence of fibre fracture. 
The exceptions were those composites containing either the; b. 38mm x 38mm 
Duoform fibre or the 12,000 denier, 75mm fibrillated polypropylene film 
fibre. In both these cases there were considereable numbers of broken 
fibres at the crack surfaces. 
For the Duoform fibre concrete, the fracturing of the fibres is 
reflected in the shape of the load-deflection curve, Figure 7.9, where it 
can be seen that beyond a central deflection of 3mm the beam can sustain 
only a small.. load and cannot, therefore, continue to absorb a significant 
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amount of energy as the deflection is increased. Comparison of the load- 
deflection curve for the Duoform fibre, Figure 7.9, with that for the much 
shorter 25mm Melt-extract fibre, Figure 7.11, shows that the latter can 
continue to absorb energy at an appreciably greater deflection than the 
Duofarm fibre. This is due to the pull-out work of the Melt-extract fibres. 
In the case of--, the longer, 75mm polypropylene fibre, although fibre 
fracture occurs, there-is considerable energy absorbed at deflections in 
excess of 5mm due to the high extensibility of the polypropklene relative 
to steel. For the same volume fraction of polypropylene, more energy 
is absorbed when at least some fibre breakage occurs than when failure 
is by pullout alone, Table 7.4. 
For the Duoform steel fibre this is not the case since fibre breakage 
severely limits the deflection obtained before the load carrying capacity 
is considerably reduced. However, at a deflection of approximately 2mm 
the Duofarm fibre has absorbed more energy than the polypropylene fibre 
although the latter has absorbed more energy than the Duoform at a 
deflection of 5mm or lOmm. Therefore, in considering the relative merits 
of the various fibre concretes as energy absorbing materials, it is 
necessary to consider the allowable deflection for the particular 
application. The lower modulus fibres are certainly capable of producing 
composites with a high energy absorption but at the expense of a greater 
deflection. 
The effect of age of the material at the time of the test on the 
energy absorbed is not very marked. Those specimens containing the 0.38mm 
x 38mm Duoform fibre show a slight reduction in their energy absorbing 
capacity at two and a half years relative to that at two months, Table 7.3. 
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This may be due to more complete hydration of the cement giving a slightly 
higher bond strength and thus causing fracture of more fibres. The high 
carbon crimped steel fibre, Table 7.3, apparently absorbs substantially 
more energy at two and a half years than at two months, but the two month 
value seems unreasonably low when compared with the value for the same fibre 
at the same age but at a volume fraction of 0.6%. It is possible that at 
1.2% at two months the tensile stresses produced in the concrete as the 
fibres pull out cause considerably more matrix breakdown due to the lower 
matrix strength. If this is the case the energy absorption may be less 
because there will be less opportunity for energy to be expended in 
deforming the crimps along the fibre. This effect may be less pronounced 
at the lower volume fraction since the mean distance between fibres will be 
greater. Naaman and Shah (7.2) and Hughes and Fattuhi (7.3) have observed 
that the work of fibre pullout is not necessarily increased in proportion 
when the number of fibres per. unit area is increased. However, more work 
is necessary to confirm that the effect of age on this type of composite 
is as pronounced as indicated by the results in Table 7.3. It is possible 
that the 1.2%, two month mix was in some way inferior. 
There is no significant effect on the energy absorbed by the 
fibrillated polypropylene film fibre concretes with age. 
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CHAPTER 8 
IMPACT TESTS ON PLAIN AND FIBRE REINFORCED CONCRETE - RESULTS 
8.1 INTRODUCTION 
This chapter describes the results of the impact tests on 
plain and fibre reinforced concrete using the instrumented Charpy 
Machine described in Chapter 4 and 5. 
Most fibre types were incorporated at two volume fractions, 
namely 0.6% and 1.2%, and tests were performed at two months and 
two and a half years. 
The specimen size, 100 x 100, x 500mm, and the loading 
configuration, i. e. centre-point loading on a span of 400tm, were 
the same as those in the slow three point bend tests and the results 
are, therefore, directly comparable. 
Most of the impact tests were performed with the pendulum 
raised to an angle such that the available energy was 25ONm, 
resulting in a velocity at impact of 2.85 ms-l. This combination 
of energy and velocity was sufficient to completely fracture most of 
the specimens into two halves. 
A limited series of tests was undertaken on strain gauged 
specimens to give an indication of the deflected shape of the beam 
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during impact and to obtain the strain at failure at impact rates 
for comparison with the values obtained in slow flexure. 
The main aim of the testing programme was to obtain the 
load-time curves for the various composites and to determine from 
these, in the manner described in Chapter 5, the energy absorbed 
with respect to the central deflection of the beam. In this way, the 
relative merits of the various fibres in impact situations were to be 
determined. 
Before presenting the full results of the impact tests it is 
necessary to describe the typical types of load-time curves and to 
discuss the behaviour of the tup and specimen during impact. 
8.2 TYPICAL LOAD-TIME CURVES 
Typical load-time curves for plain concrete, steel-fibre 
concrete and chopped fibrillated polypropylene film fibre concrete, 
together with the integrals of these curves with respect to time 
are shown in Figures 8.1,8.2, and 8.3. 
8.2.1 Plain Concrete 
For plain concrete there is a rapid rise in load to a 
maximum of about l50kN in approximately 75 ps from initial impact, 
followed by a similar time period during which the load returns to 
zero. There then follows a series of oscillations of the load 
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signal at a frequency of approximately 14 kHz about the zero load 
level. The integral of the load-time curve rises to a maximum 
value by the time the load on the tup has returned to zero and then 
remains at this maximum value while the load signal oscillates about 
the zero level. The oscillations are effectively damped out of the 
integral curve since the area under any half cycle is small in relation 
to the area under the first loading peak. 
8.2.2 Steel Fibre Concrete 
The load-time curve for steel-fibre concrete, Figure 8.2, 
shows a similar first peak followed by a similar - but much shorter - 
period of load oscillation about zero before a second smaller peak 
with superimposed oscillations occurs. This, in turn, is followed 
by a long period during which the load signal oscillates about a 
level corresponding to 5- 10% of the maximum load reached on the 
first peak. Until the start of the second peak in the load-time 
curve, the integral of the load-time curve is dmilar in shape and 
magnitude to that obtained for plain concrete. It then rises sharply 
during the second peak and then more gently throughout the remainder 
of the recorded time period. 
8.2.3 Polypropylene Fibre Concrete 
For the polypropylene film fibre concrete, Figure 8.3,, the 
overall shape of the load-time curve, and hence the integral curve, 
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is similar to that of steel-fibre concrete with the exception that 
the second peak is generally smaller and occurs after a greater time 
interval. 
8.3 THE BEHAVIOUR OF THE TUP AND SPECIMEN DURING IMPACT 
The load-time curves have several significant features which 
may be explained in general terms in relation to the behaviour of the 
specimen and of the tup at these high loading rates. On initial 
impact the tup is strained in compression and local deformation takes 
place on the impacted face of the specimen. As the force on the 
specimen increases and is propagated through the material (at the 
speed of sound), bending of the beam occurs and the face immediately 
opposite the impacted face is strained in tension. At some stage a 
crack is formed in the concrete and runs from the tensile to the 
compression face of the specimen and a change both in stored elastic 
energy and in the compliance of the beam results. During this time 
the specimen is accelerated from rest. If the velocity of the concrete 
at the point of impact becomes equal to, or greater than, the tup 
velocity the load on the tup falls to zero. Also, if the specimen 
contains no reinforcement the broken halves swing clear of the 
pendulum and their kinetic energy is dissipated in doing work against 
the springs restraining the rotating specimen holders. If, however, 
there are fibres across the crack the specimen is restrained from 
failure after the first matrix crack has occurred and, after a 
short deceleration period, the tup and specimen will contact again 
resulting in the development of a second impact, the magnitude of 
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which will depend on the fibre type, the fibre volume and orientation, 
and on the fibre-matrix bond. If the stress developed in the fibres 
is insufficient to cause fibre fracture, and provided that the 
pendulum has sufficient energy, then the fibres will be debonded from 
the matrix and will be progressively pulled out. This pull-out period 
is apparent as a long 'tail' after the second peak during which the 
load on the tup falls at a rate which depends on the pull-out length 
and distribution of fibre across the crack. 
The load-time and energy-time curves refer to the interaction 
between the tup and beam. The energy calculated from the load-time 
curve is the energy lost by the pendulum. Assuming negligible 
losses to the machine, then at any instant when the tup and beam are 
in contact the energy calculated from the load-time curve will be the 
energy absorbed by the specimen as strain energy, fracture energy and 
as kinetic energy. 
8.4 MEASUREMENT OF STRAIN AND THE INSTANT OF CRACKING OF THE CONCRETE 
Preliminary attempts to measure the tensile strain in the 
concrete at failure using conventional electrical resistance wire 
gauges proved unsatisfactory because of the difficulty of 
unambiguously interpreting the strain-time plots and identifying the 
instant of macro-cracking in the concrete. Apparent strains of 
several thousand microstrain could be measured before the final 
fracture of the gauge wire caused a large instantaneous change in the 
out-of-balance bridge signal. To provide an independent indication 
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of cracking an electrically conducting paint technique was used in 
conjunction with the strain gauges. This showed that cracking of the 
matrix could be associated with a change in the slope of the strain- 
time curve and with the bend-over of the first peak in the load-time 
curve. 
A thin, 2- 3mm wide, line of silver loaded paint was applied 
across the surface of the concrete close to the strain gauge as shown 
in Figure 8.4. Connections from the ends of the line were made to a 
strain gauge bridge circuit as shown schematically in Figure 8.5. 
A purely resistive bridge circuit such as this was chosen for 
ease of connection to the high speed data acquisition system amplifiers 
and also because it closely mimicked the strain gauge bridge circuits 
used to measure load on the tup. Events occurring simultaneously in 
real time were therefore accessed to the system simultaneously. The 
signal from the circuit was offset to provide a suitable input to one 
of the channels so that a break in the line was accompanied by a near 
instantaneous change in the recorded signal. 
The type of electrical resistance wire gauges used was the 
sane as in the slow flexure tests (Techni-Measure Type PL-60 with a 
gauge length of 60mm). 
The specimens used for the strain tests were from the long 
term - 21 year old - series. Four contained no reinforcement, three 
contained 1.27. by volume of high carbon, crimped steel fibre and four 
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FIGURE 8.4 
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contained 1.2% by volume of low carbon, crimped steel fibre. The 
presence or absence of fibre, or fibre type, were not considered 
likely to significantly affect the failure strain of the matrix at 
this volume concentration. 
The low carbon, crimped steel fibre specimens were instrumented 
with a single strain gauge in the centre of the face opposite the 
impacted face. The gauge was wired to a full bridge configuration and 
the out of balance signal from the bridge was connected to one of the 
high speed data acquisition system channels. Each of these specimens 
had a single conducting paint line applied to the concrete along side 
the strain gauge and this was approximately the same length as the 
gauge. The results are given in Figures 8.6 - 8.9. It will be seen 
that at the time at which the paint line was ruptured, indicated by 
a near instantaneous change in the signal, there was a distinct change 
in the slope of the strain-time curve and an associated change in the 
slope of the load-time curve. 
The remaining specimens were instrumented with one central 
gauge and either one or two gauges fixed at the third-point positions 
along the beam. The outer gauge, or gauges, were wired in separate 
bridges from the centre gauge and were included to provide 
information on the mode of bending of the specimen during impact. 
The results of these tests are shown in Figures 8.10 - 8.16. The 
tensile strain in the concrete at failure was taken as the strain in the 
centre gauge at the time of a change in slope of the strain-time curve 
as indicated in Figures 8.10 - 8.16. 
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The results of all the tests to determine tensile strain at 
failure are given in Table 8.1. 
From Figures 8.10 to 8.16 it will be seen that the strain 
at the third-points of the beam is initially compressive, reducing 
marginally at the instant of cracking, before reaching a maximum 
compressive strain at the maximum load point and then becoming tensile 
before the load on the tup has returned to zero. The behaviour then 
depends on whether the specimen is fibre reinforced or not. 
The strain in the plain concrete oscillates about zero with a 
frequency of lokHz, gradually decaying to zero. Strain at the third- 
points of the beam in the fibre reinforced specimens remains at an 
appreciable value while the fibres are being pulled out of the matrix. 
The implication of these results is that fracture of the plain 
concrete occurs before true three point bending of the beam has occurred 
and the effect of this on the interpretation of the results will be 
discussed more fully below. 
It can also be seen that major features of the load-time curves 
are reflected in the strain gauge readings throughout most of the 
post-cracking fracture process. 
8.5 PRESENTATION OF THE IMPACT RESULTS 
For each type of composite and age at test representative 
157. 
TABLE 8.1 
UPPER LIMIT OF 
TENSILE FAILURE STRAIN OF CONCRETE IN IMPACT 
AT TWO AND A HALF YEARS 
u strain 
PLAIN CONCRETE ' 600 
417 
551 
556 
1.2% High C Crimped " 450 
320 
470 
428 
1.2% Low C Crimped 600 
4 80 
407 
600 
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load-time curves with their associated integral-time or energy-time 
curves are given and the results for individual tests are presented 
in Tables 8.4 - 8.17. The tables were compiled from measurements 
taken from the load-time curves and from the computer print-outs of 
energy and deflection. Also given are the conventional Charpy Machine 
energy readings, i. e. the dial energies calculated from the rise 
angle of the pendulum after fracture, minus the sum of tie energies 
absorbed by the springs restraining the rotating specimen holders. 
Details of all the fibre reinforced materials are given in 
Table 8.2. 
Except for 12 tests on hooked-end steel fibre concrete, Table 
8.7, all the tests were performed using an initial pendulum energy of 
250Nm resulting in a velocity at impact of 2.85 ms-l. In all the 
tests except those involving the strain gauged specimens reported above 
the impacted face of the beam was the bottom moulded face, i. e. the 
tensile face was the trowelled surface. 
For the initial series of tests covering most of the fibre 
types and volume fractions tested in the complete programme, the 
amplifier gain settings were adjusted to give a maximum load signal, 
corresponding to the first peak, not exceeding the full scale value 
acceptable by the high speed data acquisition system. The results 
of these tests did not show any very large differences in the 
pendulum energy loss during the first peak for the plain, steel fibre 
and polypropylene fibre concrete. The individual results obtained 
159. 
from the integration of the load-time curves are given in Tables 8.4 - 
8.6 and Tables 8.8 - 8.16 and the mean values for. the various 
materials are given in Table 8.3. From Table 8.3 it can be seen that, 
in general, the steel fibre concretes show a slightly higher 
pendulum energy loss during the first peak than either the plain or 
polypropylene fibre concrete. However, the incrases are not 
significant in relation to the total energy absorbed in failure of 
the fibre concretes. 
Further tests were carried out with a higher amplifier gain 
thus increasing the load sensitivity of the tup and allowing more 
accurate measurement of load during the second peak. This did, 
however, result in the loss of the top of the first peak on each of 
these tests. The results were corrected to allow for this 'cut-off' 
by software which initiated integration of the load-time curve after 
the first peak and added to the integral the mean value of the first 
peak integral obtained from the earlier series of tests. 
For the initial series of tests the time between samples 
was set at 5ps resulting in the acquisition of the load-time curve 
to a beam deflection of approximately 10mm. Later tests using a 
lops interval between samples enabled the load-time curves to 
correspondingly greater deflections to be recorded with very little 
loss of accuracy. 
8.5.1 Plain Concrete 
Typical load-time and energy-time curves for the plain concrete 
160. 
beams at 2 months and 21 years are given in Figures 8.17 and 8.18. 
The individual test results are given in Table 8.4. 
8.5.2 Steel Fibre Concrete 
Typical load-time curves for each of the categories listed 
in Table 8.2 are shown in Figures 8.19 - 8.29. Individual results 
are given in Tables 8.5 - 8.13. 
8.5.3 Chopped Fibrillated Polypropylene Film Fibre Concrete 
Typical load-time curves for each category in Table 8.2 
are shown in Figures 8.30 - 8.35. Individual results are given in 
Tables 8.14 - 8.17. 
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TABLE 8.2 
FIBRE TESTS, FIBRE VOLUME FRACTION AND AGE AT TEST bF IMPACT SPECIMENS 
Fibre Type and Size 
Volume 
Fraction % 
Age at 
Testing 
Steel 0.5mm dia. x 50mm, hooked- 
ends, 'Dramix' (Bekaert Ltd. ) 1.2 2 month 
0.5mm dia. x 50mm, hooked- 
ends, 'Dramix' (Bekaert Ltd. ) 0.6 2 month 
0.5mm dia. x 50mm, crimped 
(high C) (GKN Ltd. ) 1.2 2 month 
0.5mm dia. x 50mm, crimped 
(high C) (GKN Ltd. ) 0.6 2 month 
0.5mn dia. x 50mm, crimped 
(high C) (GKN Ltd. ) 1.2 21 year 
0.5mm dia. x 50mm, crimped 
(low C) (GKN Ltd. ) 1.2 21 year 
0.38mm dia. x 38mm, duoform, 
(National Standard Ltd. ) 1.2 2 month 
0.38mm dia. x 38mm, duoform, 
(National Standard Ltd. ) 1.2 2j year 
0.64mm dia. x 60mm, duoform, 
(National Standard Ltd. ) 1.2 2 month 
"0.8mm dia. x 25mm, stainless 
melt extract, (National 
Standard Ltd. ) 1.2 2 month 
Chopped 75mm long, 12,000 denier 1.2 2 months 
fibrillated 
Polypropylene 75mm long, 12,000 denier 0.6 2 months 
film 
75mm long, 12,000 denier 1.2 21 year 
35mm long, 12,000 denier 1.2 2 months 
35mm long, 12,000 denier 0.6 2 months 
35mm long, 12,000 denier 1.2 21 years 
162. 
TABLE 8.3 
PENDULUM ENERGY LOSS DURING THE FIRST PEAK IN THE LOAD-TIME CURVES 
Mean Coefficient 
Fibre Type and Size 
VF Age Energy of Variation 
M (Nm) (7. ) 
0.0 2 mth. 59 10 
0.0 21 yr. 56 2 
Steel 
0.5 x 50mm, hooked-ends 1.2 2 mth. 72 6 
0.5 x 50mm, hooked-ends 0.6 2 mth. 71 3 
0.5 x 50mm, crimped high 
C 1.2 2 mth. 70 9 
0.5 x 50mm, crimped high 
C 1.2 21 yr. 65 3 
0.5 x 50mm, crimped high 
C 0.6 2 mth. 72 1 
0.5 x 50m, crimped low 
C 1.2 21 yr. 63 2 
0.38 x 38mm, duoform 1.2 2 mth. 61 4 
0.38 x 38mm, duoform 1.2 21 yr. 62 2 
0.64 x 60mm, duoform 1.2 2 mth. 74 3 
"0.8 x 25mm, melt extract 1.2 2 mth. 72 1 
Polyprop ylene 
75mm x 12,000 denier 1.2 2 mth. 71 4 
75mm x 12,000 denier 1.2 21 yr. 57 3 
75mm x 12,000 denier 0.6 2 mth. 69 3 
35mm x 12,000 denier 1.2 2 mth. 57 5 
35mm x 12,000 denier 1.2 21 yr. 54 2 
35mm x 12,000 denier 0.6 2 mth. 67 2 
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CHAPTER 9 
ANALYSIS OF THE RESULTS 
9.1 ANALYSIS OF THE IMPACT LOAD-TIME CURVES 
9.1.1 The First Peak in the Load-Time Curves - Matrix Failure 
It can be seen from Table 8.3 that, for fibre additions 
up to 1.2% by volume, the differences in the first peaks in the load- 
time curves are not substantial and generally represent an increase 
in energy of less than 20%. This is consistent with the predictions 
of the Rule of Mixtures approach to the determination of the 
properties of such composites and with the experimental findings 
of various workers (9.1,9.2,9.3) that, at this volume fraction 
in slow rate tests, the fibres contribute very little to the 
performance of the material until after the matrix has cracked. 
The instant at which a crack forms on the tensile face of 
a beam was determined from the tests on strain-gaHged specimens. 
Cracks were found to occur at approximately the same time as the 
load on the specimen reached a maximum for both reinforced and 
unreinforced beams Figures 8.6 - 8.16 Therefore, in the following 
discussion of the behaviour of the specimen up to the maximum load 
in the first peak in the load-time curve no account is taken of the 
fibre reinforcement. 
9.1.1.1 Inertial Loading of the Beam 
It can be seen from Figures 8.10 - 8.14 that, on impact, 
the strain gauges at the third points on the tensile face of the beam 
207. 
are initially strained in compression and do not register a tensile 
strain until after the matrix has failed. The shape of the beam 
sometime after impact, but before failure, will therefore be as, 
shown in Figure 9.1. 
Figure-9.1 
exaggerated scale 
strain 
gauge 
Direction 
of impact 
Since the gauges do not show a tensile strain until after cracking 
the implication is that the beam fails under inertial loading, 
ie. before any reaction is developed at the specimen supports. 
Further confirmation of this was provided by testing plain concrete 
specimens with and without end support. It was found that there 
was no difference in either the energy lost by the pendulum or in 
the area under the load-time curves. 
Radon and Turner (9.4) have suggested that the inertial 
loading on an impacted beam can be approximately modelled by 
considering the beam to be reacting against an elastic foundation. 
The relevant part of their paper was discussed in Section 3.3. 
Their analysis gives the end reaction R at the specimen supports as 
208. 
R=P Icos ß cosh .ß 2 tsin1 2ß+ 
cost ß ...... 
9.1 
where L 6P 
2 
t2 E D2ý 
9.2 
where L is the beam span, p the density, t the time to fracture, 
E the Young's Modulus and D2 the beam cross - sectional area. 
For a zero end reaction to occur, ie for the beam to 
break under inertial loading alone ß must be ir Taking L=0.4 m, 
2 
D2 = 0.1 x 0.1 m2 and average measured values of the dynamic 
Young's modulus ED and density p of 42.6 GNm 
2 
and 2333 kgm 
3 
respectively, then the time to failure is 
t 88 u5. 
This value is in good agreement with the observed time to fracture, 
ie. the onset of macro-cracking for tests with 250 Nm and 500Nm 
pendulum energies see, for example, Figures 8.6 and 8.21. 
It is evident, therefore, that during the first 100 ps or 
so the load on the tup is a result of rigid body acceleration of 
the specimen and, since true three point bending does not occur, the 
load cannot be used to determine, for instance, the maximum bending 
stress or strain in the beam. 
The rate of loading imposed on the specimen during this 
first peak will depend on the mechanical properties of both the 
specimen and the machine as well as on the velocity of the pendulum 
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head and the available energy at impact. Since failure occurs 
under inertial loading it is the mechanical properties of the tup 
rather than the specimen supports which will determine the rate of 
loading. A tup of greater, or lesser, stiffness would change this 
rate in accordance with the equation 
P= kVt (Section 3.3) 
where k is the contact stiffness of the tup and specimen. 
9.1.1.2 Tensile Strain at Failure 
The tensile strain at failure in impact was found to be 
approximately 400 p strain compared with approximately 250 p strain 
in slow flexure. It is to be expected that in impact failure 
strain of the concrete will be increased since, at these rates of 
loading, failure due to slowly propagating micro-cracks will be 
unlikely. 
The measured strains are considerably less than those that 
would be predicted from the maximum load on the beam. However, 
it should be remembered that load is measured by the tup at the 
compression face of the beam and strain on the opposing face 100 mm 
distant. There, -is a lag of approximately 20 - 30 ps between 
contact of the tup and specimen and strain being registered on the 
tensile face of the beam Figures 8.6 - 8.16. This delay is 
consistent with the time for a longitudinal or compressive wave, 
the fastest of the three waves progagated in an impacted body, to 
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reach the tensile face. The velocity of this wave for an isotropic, 
elastic material is given by 
CL ýE/p 
where E is the Young's Modulus and p the density. Goldsmith, 
Polivka and Yang (9.5) have shown this relationship to be 
approximately valid for concrete if the dynamic Young's Modulus 
is taken. Using E and p as defined above gives 
CL " 4,425 ms-1 
and hence the time to traverse the specimen as approximately 25 us. 
Furthermore, the velocity of crack propagation will be considerably 
less than CL and has been measured for concrete by Bhargava and 
Rehnstrom (9.6) as approximately 1800 ms-1 . Therefore, a crack 
initiated at the tensile face will require 50 - 60 us to propagate 
to the point of impact. 
9.1.1.3 Energy Absorbed by the Matrix 
The measured energy absorbed in failing a plain concrete 
beam in this impact test is at least an order of magnitude greater 
than that which would be predicted from the work of fracture yF 
obtained from slow rate tests. This difference is accounted for 
by the order of magnitude increase in the maximum load measured at 
the impacted face of the beam. As has been discussed above this 
load is caused by the rate of acceleration of the test beam and 
is also a function of the contact stiffness of the tup and concrete. 
The measured energy absorbed is, therefore, a property of the test 
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rather than a material property and cannot be used to predict the 
energy absorbed by members of differing shapes or sizes even if 
impacted at a similar velocity by an object with a similar energy 
and stiffness. 
9.1.2 Energy Absorbed in Fibre Debonding and Pullout Prior to the 
Second Peak in the Load-Time Curves 
In the case of unreinforced specimens, once failure has 
occurred the broken halves are thrown clear of the tup and their 
kinetic energy is absorbed by the springs restraining the rotating 
specimen holders. This energy, determined from the springs, was 
approximately 26 Nm for an initial pendulum energy of 250 Nm 
(Table 8.4); a value which agrees reasonably well with the energy 
calculated from the area under the second half of the first peak 
in the load-time curves for both plain and fibre reinforced 
specimens. 
If there are fibres across the crack this kinetic energy 
of the halves of the specimen will be absorbed in deformation and 
debonding of the fibres during the period when the tup and 
specimen lose contact. If the fibres cannot absorb substantially 
more than the kinetic energy imparted in the first impact, before 
they are pulled out or fractured, then the specimen may reach a 
considerable deflection before a second impact occurs, if it occurs 
at all. Therefore, for a given pendulum momentum at impact, a 
measure of the relative efficiencies of the various fibre types in 
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absorbing energy is given by the time or deflection between the first 
and second peaks in the load-time curves, provided the volume fractions 
of fibre are the same. 
The deflection before the second peak will depend on the size 
and volume fraction of fibre and, since the observed mode of failure 
for the majority of the composites tested was by fibre pullout 
rather than fibre fracture, on the fibre-matrix bond. It will also 
depend on the Young's modulus of the fibre - since this will determine 
the fibre strain for a given stress - and on the relative values of 
Poisson's ratio for the fibre and matrix. The higher modulus fibres 
with a good mechanical bond would be expected to be most efficient, 
showing a smaller deflection before the second peak, and this is 
supported by comparison of the results for the crimped steel fibre 
with those for fibrillated polypropylene film fibre at the same 
volume fractions Tables 8.8,8.9,8.14 - 8.17. Furthermore, a 
reduction in fibre volume fraction would be expected to increase the 
observed deflection between peaks and this is confirmed by inspection of 
Tables 8.5 and 8.6,8.8 and 8.9,8.14 and 8.15 which shows that for a 
50% reduction in volume fraction there is a corresponding increase in 
deflection. Also, an increase in the kinetic energy of the specimen 
at the time when the matrix fails, obtained by increasing the pendulum 
energy and velocity at impact, will cause an increase in the 
deflection before the second impact occurs, Tables 8.5 and 8.7. 
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To accurately predict for a given pendulum energy and velocity 
the deflections between peaks would require a knowledge of the 
initial fibre-matrix bond strengths at these high rates of loading as 
well as the strains occurring in the debonded and slipping fibres. 
It is not possible to determine from the load-time curves the 
behaviour of the specimen during the period between the first and 
second peaks. However, it can be seen from the strain-time plots 
Figure 8.10 - 8.12 that by the time the tup load has returned to 
zero the strain at the third points'of the beam on the face opposite 
the impacted face has become tensile. The strain at these points 
then remains tensile throughout the remainder of the test and it is 
assumed that fibre pullout occurs while the beam is undergoing true 
three point bending. 
9.1.3 Energy Absorbed in Fibre Pullout During the Second Peak in the 
Load-time Curves. 
In the slow flexure tests reported in Chapter 7 the energies 
absorbed to central deflections of the beam of 5 mm and 10 um were 
obtained from the areas under relevant parts of the load-deflection 
curves. It was shown in Section 7.4 that nearly all the absorbed energy 
is obtained from fibre pullout and that the work of fracture of the 
concrete is negligible in comparison. 
In the impact tests, however, the energy absorbed from the 
pendulum in causing failure of the matrix can be a considerable 
proportion of the total energy absorbed by the fibre concretes and 
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must, therefore, be taken into account when the energy absorbed 
solely in fibre debonding and pullout is assessed from the total 
absorbed energy. 
Furthermore, it is necessary to consider the energy imparted 
by the pendulum to the specimen as kinetic energy on second impact. 
This energy, which is dissipated in acceleration of the specimen to 
the tup velocity, appears in the load-time curves but does not 
represent work done in fibre debonding and pullout, although some 
of the energy may be dissipated in these processes. 
For the purpose of determining the energies absorbed in fibre 
debonding and pullout to 5 mm and 10 mm deflections it is convenient 
to consider the three types of idealized load-time curves shown in 
Figure 9.2. 
For Type I, where the second peak does not occur until a 
deflection greater than 10 mm has been achieved, the kinetic energy 
of the specimen at the time at which the matrix fails is not 
quickly dissipated in work against the fibres and the fibre-matrix 
bond. It is not possible to determine from the load-time curve at 
any instant between the peaks the energy absorbed in fibre deformation 
and pullout. However, it cannot be in excess of the initial kinetic 
energy of the specimen when the matrix fails and this is the energy 
which is obtained from the springs restraining the specimen holders 
in the case of a test on an unreinforced specimen. This value is an 
upper limit to the energy which can be absorbed before the second 
impact occurs when testing fibre reinforced specimens. 
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Type I 
Oumm 5mm 10mn 
Figure 9.2 Idealised load-time curves 
Type II 
Type III 
Obviously, for Type II and Type III the same considerations 
will apply up to the start of the second load-time curve peak. 
In Type II a: 10 nm and Type III at both 5 mm and 10 mm 
deflection the tup and specimen are in contact and more energy is 
again being imparted to the beam by the pendulum and is being 
dissipated by the fibres across the crack (or cracks). 
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To a first approximation, the instantaneous velocity of the 
specimen at the point of impact during the second peak may be 
assumed equal to the tup velocity at that instant. The tup velocity 
Vt at any time t is given by 
Vt = V0 - 1/m 
%Pdt. '. 
.. 
9.3 
where V0 is the tup velocity at first impact and the other symbols 
are as defined in Appendix 1 
The angular velocity w of the specimen halves will then be 
given by 
w-Vt . 9.4 
y 
where y is the distance to the point of impact on the specimen from 
the axis of rotation of the specimen holder. 
The specimen kinetic energy UR is then simply 
UR 9.5 
where I is the moment of inertia of a half specimen about the axis of 
rotation of the specimen holder. 
Therefore, at any instant during the second peak in the 
load-time curve, the energy absorbed solely in fibre debonding, 
pullout and fibre fracture may be determined to a first approximation 
by the energy obtained from the integration of the load-time curve 
to that instant, less the energy absorbed in failing the matrix, less 
the kinetic energy of the specimen at that instant. 
9.2 COMPARISON OF THE ENERGY ABSORBED AT IMPACT RATES AND SLOW 
RATES. 
The energies absorbed solely in fibre debonding and pullout 
were determined for Type II materials at 10 mm deflection and for 
Type III at 5 mm and 10 = deflections. The results, together with 
the energies determined in slow flexure, are given in Table 9.1. 
It can be seen that, for a given fibre type and volume 
fraction, the energy absorbed by the Type I materials in slow flexure 
tu 
is either less than or similar the kinetic energy of the impacted 
specimen at the time when the matrix fails. There is, therefore, no 
indication that the Type I materials absorb greater energy in fibre 
debonding and pullout at impact rates than in slow flexure. 
For the Type II materials it appears that at a deflection of 
5 mm more energy has been absorbed in slow flexure than in impact. 
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TABLE 9.1 MEAN ENERGY ABSORBED IN FIBRE DEBONDING AND PULLOUT IN IMPACT AND SLOW FLEXURE 
MATERIAL SOURCE OF TYPE OF LOAD- TO 5mm DEFLECTION TO l0mm DEFLECTION 
DATA TIME CURVE 
(Table) (Fig. 9.2) SLOW RATE IMPACT SLOW RATE IMPACT 
(Nm) (Nm) (Nm) (Nm) 
Steel, Duoform . 38x38mm 8.11 
I 25.8 (4.0)- / 26 30.0 (5.6) 26 
Vf - 1.25,2 mths 7.3 
21 yrs 1 21.6 (5.1) 26 23.6 
(5.5) 26 
Polypropylene, 35mmxl2,000 8.16 I 21.3 (2.0) 26 29.6 (3.2) 26 
denier, Vf - 1.2%, 2 mtha 7.4 
21 yrs " I 20.9 (2.2) f 26 27.7 (4.4) iý 
26 
Stainless steel Melt 8.13 II 30.4 (3.5) 26 46.5 (5.6) 58 
(7) 
extract, 'u O. 8x25mm 7.3 
Vf - 1.25,2 mths 
Polypropylene, 75mmx12,000 8.14 
denier, Vf - 1.22,2 mthe 7.4 II 30.2 (6.1) 26 43.4 (14.1) 48 (8) 
21 yrs " II 32.7 (6.9) y 26 41.5 (10.8) 35 (7) 
Polypropylene, 75cmx12,000 8.15 II - 26 - 34 (4) 
denier, Vf - 0.65 
2 mths 
Steel, hooked-ends, 8.5 III 53.3 (13.9) 74 (10) 85.9 (23) 111 (17 
0.5x50mm, Vf - 1.22, 
12 mth. 
j 
iSteel, hooked-ends, 8.6 III 35.3 (9.4) 41 (7) 57.3 (15.7) 64 (9) 
0.5x50mm, Vf - 0.62 7.3 
2 mths 
Steel, crimped, high C, 8.8 III 40.3 (4.9) 68 (10) 66.0 (8.9) 107 (19) 
O. 5x5Omr , Vf - 1.2 22 mths 7.3 
" 21 yrs 8.8 III 59.5 (6.6) 74 (12) 95.4 (15.7) 111 (23) 
Steel, crimped, high C. 8.9 III 33.3 (6.6) 51 (4) 52.7 (12.0) 71 (6) 
0.5x50=, Vf - 0.6% 7.3 
2 mths 
Steel, crimped, low C. 8.10 III 55.7 (12.5) 68 (11) 80.2 (24.2) 101 (19) 
0.5x5Omm, Vf - 1.2Z. 7,3 
21 yrs 
Steel, Duoform, 0.64x6Omm, 8.12 III -. 79 (13) - 115 (26) 
f-1.21: 6,2 mths 
. The numbers in brackets are the standard deviations. 
--- -------- -- ---- -- -- - -- - 
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However, considering the Coefficients of Variation of the results 
and the possible inaccuracies in the measurement of the kinetic 
energy by the spring system on the specimen holders, it is unlikely 
that there is a real change in the material's behaviour at the impact 
rate. For a deflection of 10 mm, only the stainless-steel melt- 
extract fibre shows a significant improvement in impact at the 5% 
level in the t test. The energy differences for the polypropylene 
fibre concretes are not significant and there is no indication 
therefore that fibrillated polypropylene film fibre in concrete is 
capable of absorbing greater energy in impact than in slow rate tests. 
For the Type III materials, only the higher modulus crimped 
steel fibre at a volume fraction of 1.2% and at age 2 months, shows 
a highly significant increase in absorbed energy. However, this 
result must-be viewed with some suspicion since the energy absorbed 
to 10 mm in slow flexure seems anomalously low when-compared with 
that absorbed to the same deflection by a similar composite containing 
the same fibre but at half the volume fraction. 
9.3 FIBRE-MATRIX BOND STRENGTH 
Measurement of the properties of the bond between various 
types of fibre and cement or concrete has been attempted, using both 
single and multiple pullout tests, by many workers (9.7,9.8,9.9). 
The investigations have been exclusively concerned with the bond at 
slow rates of loading and desp5te the considerable work there is 
still only a poor understanding of the various factors which affect 
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bond strength. Detailed analysis is complicated by such factors as 
the effects of orientation of fibres relative to the direction of 
pullout (9.10), stress fields produced by other fibres in the near 
vicinity causing apparently lower values of bond strength for 
multiple pullout than for single pullout (9.11), lack of intimate 
contact between fibre and matrix along the length of the fibre 
resulting from insufficient compaction of the fresh mix (9.12) and 
changes as the cement continues to hydrate with time. Furthermore, 
there are two separate bond strengths to contend with, that relating 
to initial debonding of the fibre - the physico-chemical bond which 
is determined by the surface atomic structure of the interface and 
fibre - and the other, the frictional sliding bond strength, which 
is determined more by the shape and mechanical properties of the 
fibre and the interface. The latter, the frictional sliding bond 
strength, is probably the most important in the shaped steel and 
fibrillated polypropylene fibre concretes. Its value, however, is 
likely to vary with the slipped length of the fibre if the matrix is 
worn away or disrupted during the pullout process. ' But, without at 
least an approximate value of the average frictional sliding bond 
strength, it is not possible to predict the behaviour of fibre 
concrete using the various theories which have been discussed in 
Chapter 2. 
It is proposed here to determine an average value for the 
frictional sliding bond strength from the energy absorbed by the 
test beams during fibre pullout. This average frictional sliding 
bond strength, although relevant to the behaviour of the real 
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composite, is probably not indicative of the actual forces exerted 
on individual fibres since it will include, for instance, the contribution 
of plastic work on the fibres as they are pulled from the matrix. 
Nevertheless, this approach does allow some degree of analysis of the 
performance of the composite and prediction of the properties caused, 
for instance, by a change in fibre volume fraction. 
9.3.1 Bond Strength as a Function of the Energy Absorbed in Fibre 
Pullout to 5 mm and 10 mm Deflection. 
The analysis used here to predict the average frictional 
sliding bond strength is similar to that proposed by Aveston, Mercer 
and Sillwood (9.13). 
The beam, sometime after the matrix has failed, may be 
represented as shown in Figure 9.3. The neutral axis is assumed to 
have moved to the compression face of the beam and the fibres, which 
are assumed straight and of circular cross-section, carry all the 
load across the crack. 
At a distance y from the neutral axis the number of fibres 
per unit area still embedded in the matrix is N(1 - 2xy/tD), where 
N is the number of fibres crossing unit area of the crack, and the 
mean embedded depth is J(£/- xy/D) assuming that the crack opening 
2 
x is less than K/ 
2 
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P 
FIGURE 9. 
_3 
Assumed behaviour cf bean after matrix failure for determination of 
bond strength. 
IX 
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The apparent stress in the composite at a point y from the 
neutral axis is given by 
Q xy 1- 2xY 21rrr .... 
9.6 
22DC tD / 
where r is the fibre radius and r the bond strength. 
For randomly distributed circular cross-section fibres 
N=! 2 and the 
bending moment M will be given by 
2 Trr 
D 
M=PL=B aydy .... 9.7 4 
. 
f0 
D 
= Vft Bf y(I - D1 
(1 
- 2xy 
ldy 
. .. 9.8 
.f`/D 0 
Hence P=Vft BD2 ,Q1- 
8x + 2x2 ..... 9.9 
2rL 32 
Now, if c is the displacement of P, then the energy absorbed 
by the specimen U will be given by 
C 
U= 
%P. 
dc ..... 
9.10 
j0 
By similar triangles, c- xL 
4D 
x 
so U=L 
fP. dx .... 9.11 4D 
0 
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= Vf t BDI (ý x- 4x2 + 2x3 )..... 9.12 
8r 3Q 312 
and hence twill be given by 
t=8Ur 
vf BDA, (x - 4x2 + 2x3. ) 9.13 
3k 2 
or alternatively 
i 
T=8Ur........ 9.14 
Vf 4x2 + 2x3 C 3& 3L2/ 
Where U is the energy absorbed per unit area of specimen 
cross-section. 
For fibrillated polypropylene film fibre this expression must 
be modified to take account of the non - solid geometry of the fibre. 
Prior to fibrillation the fibre is a solid film of width w 
and thickness t. For the two lengths of 12,000 denier polypropylene 
fibre used the thickness was found by measurement to be 50 um. 
3 -3 Taking the density of polypropylene as 0.9 x 10 kg m this gives a 
film width, prior to fibrillation, of 29.6 mm. 
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The perimeter of the solid film is 2(w+t) but, sincet «w 
this may be approximated to 2w and, neglecting the extra surface area 
caused by the fibrillation, this term replaces the term 2Tr in 
Equation 9.6. 
Furthermore, the number of fibres N crossing a plane, assuming 
a random 3-D distribution will be given by 
N=Vf 
2wt 9.15 
Hence, for fibrillated polypropylene film fibre, Equation 9.9 
becomes 
P=VfT BD 
2L1- 
8x + 2x2 9.16 2Lt 31 2' 
and Equation 9.13 becomes 
-r=8Ut 
23 , 9.17 
VfLx- 4x + 2x 
3i 3 
Since it is unlikely that there is complete penetration of 
the twisted film by the matrix, this expression, Equation 9.17, gives 
a lower bound for the bond strength. 
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The values of T calculated from the relevant Equation 9.13 
or 9.17 are given in Table 9.2. 
It will be seen that the value of t at the same rate of loading 
is less when calculated for a deflection of 10 mm than for a deflection 
of 5 mm. T: iis is probably a consequence of the matrix being worn 
away or disrupted during the pullout process. Also, the average values 
of t in impact are slightly greater than the average values of T in 
slow flexure to the same deflection for the same material. However, 
the values of T are subject to the same coefficient of variation as 
the energy values from which they are calculated. These differences, 
therefore, are not generally statistically different. 
The calculated values of T for the short Duoform fibre 
(0.38 mit x 38 mm) are substantially lower than the values for the other 
steel fibre types. This is a reflection of the mode of failure of 
these beams which occurred by fibre fracture rather than by fibre 
pullout. The analysis, which is based on the assumption that failure 
is by fibre pullout, is therefore not applicable to this material. 
The values are included, however, since they imply that if the tensile 
strength of the fibre was sufficiently high that failure occurred by 
pullout and assuming that the average bond strength is approximately 
that obtained for the longer Duoform fibre (0.64 mm x 60 mm) then the 
energy would be substantially greater than that observed. 
Similar considerations apply to the two lengths of 12,000 
denier polypropylene film fibre. Again, it was observed that failure 
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TABLE 9.2 MEAN VALUES OF FIBRE-MATRIX BOND STRENGTH T CALCULATED FROM EQUATION 9.13 or 9.17 
T for 5mm DEFLECTION i for 10mm DEFLECTION 
MATERIAL 
SLAW RATE IMPACT SLAW RATE IMPACT 
MNm 
2 
KNm 
2 Mm-2 Mm -2 
Steel, Duoform . 38x38mm 
Vf - 1.2%, 2 mths 2.06 1.47 - 
Polypropylene, 35mm x 
12,000 denier, Vf 0.49 - 0.42 
2 mths 
Stainless steel trielt extract, 
". 0.8 x 25mm Vf   1.2%, 2 mths. 4.75 - 4.80 5.98 
Polypropylene, 75mm x 12,000 
denier, f-1.2% 2 mths. 0.29 - 0.23 0.26 
Steel, hooked-ends, 0.5 x 50mm, 
Vf - 1.2%, 2 mth. 4.07 5.65 3.77 4.87 
Steel, hooked-ends, 0.5 x 50mm, 
Vf - 0.6% 2 mths. 5.39 6.26 5.03 5.61 
Steel, crimped, high C. 0.5 x 
50mm, Vf - 1.2% 2 mths. 3.08 5.19 2.89 4.69 
2/ yr. 4.54 5.65 4.18 4.87 
Steel, crimped, high C, 0.5 x 
50m, Vf " 0.6% 2 mths. 5.08 7.79 4.62 6.23 
Steel, crimped, low C, 
0.5 x 50mm, Vf - 1.2%, 4.25 5.19 3.52 4.43 
2L yrs. 
Steel, Duoform, 0.64 x 60mm 
Vf = 1.2%, 2 mths. - 4.94 - 4.03 
For the stainless melt extract fibres the bond strenght s was calculated by assuming a semi-circular cross section for the fibre. Equation 9.13 then becomes 
T"8 UnT 
Vf bdL (e " 2) (x - 4.2 " 2x3) 3E 3FF 
The value of r used was 0.372 ® c. f. Table 6.1 
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of the composites containing the longer length fibre was accompanied 
by some fibre fracture. This again implies that the work of fracture 
of the fibres is less than the work of pullout. However, further 
experimental studies would be needed to substantiate this. 
9.3.2 Bond Strength as a Function of the Energy Absorbed in Complete 
Failure in Impact. 
Cottrell (9.14) has shown that the work of fracture due to 
fibre pullout in tension for fibres of circular cross-section is given 
to a first approximation by 
U Vf T £2 
12d 9.18 
where U is the work of fracture per unit area of specimen cross-section 
for a 3-D random composite, T is the frictional sliding bond strength 
(assumed constant) and Z and d are respectively the'fibre length and 
diameter. 
The same relationship will be approximately valid for flexural 
failure provided complete separation of the specimen halves occurs. 
In Figure 9.4 the energy obtained from the pendulum amplitude after 
failure and after subtraction of the kinetic energy of the broken 
halves (Table 9.3) is plotted against Vf k2 for all the steel fibre 
d 
types tested. The matrix failure energy is also shown. 
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TABLE 9.3 
ENERGY ABSORBED IN COMPLETE FRACTURE IN IMPACT 
FIBRE ENERGY ABSORBED BY ENERGY ABSORBED 
SPECIMEN (Nm) 
BY FIBRES AND 
Mean Coefficient of FIBRE/MATRIX BOND 
Variation (%) (Nm) 
- 30 11.4' - 
Duoform 0.38 x 38 um 
Vf = 1.2% 2 north. 67 1.0 37 
Duoform 0.38 x 38 mm 
Vf = 1.2%, 21 yr. 64 18.2 34 
Polypropylene 
35 mm x 12,000 denier 63 16.8 33 
Vf = 1.2%, 2'mth. 
Polypropylene 
35 mm x 12,000 denier 
Vf = 1.2%, 21 yr. 62 16.0 32 
Polypropylene 
35 mm x 12,000 denier 
Vf = 0.6%, 2 mth. 52 3.1 22 
Stainless steel 
Melt-extract 
0.49 x 25.4 mm 99 16.4 69 
Vf = 1.2%, 2 mth. 
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TABLE 9.3 cont.... 
FIBRE ENERGY ABSORBED BY ENERGY ABSORBED 
SPECIMEN (Nm) 
BY FIBRES AND 
Mean Coefficient of FIBRE/MATRIX BOND 
Variation (7) (Nm) 
Polypropylene 
75 mm x 12,000 denier 
Vf = 1.2%, 2 mth 97 23.0 67 
Polypropylene 
-75 mm x 12,000 denier 
Vf = 1.2%, 21 yr. 93 22.8 63 
Polyropylene 
75 mm x 12,000 denier 
Vf = 0.6%, 2mth. 68 14.5 38 
Steel, Hooked-ends 
0 . 5x5 0= 
Vf = 1.2%, 2. mth. 217 18.2 187 
Steel, Hooked-ends 
0.5 x 50 mm 
Vf = 0.6%, 2 mth. 129 16.1 99 
Steel, Crimped, 
High Carbon, 
0.5 x 50 mm, 
Vf = 1.2%, 2 mth. 184 23.3 154 
Steel, Crimped, 
High Carbon, 
0.5 x 50 mm, 
Vf = 1.2%, 2j yr. 196 23.6 166 
Steel, Crimped, 
High Carbon, 
0.5 x 50 mm, 
Vf = 0.6%, 2 mth. 120 18.6 90 
Steel, Crimped, 
Low Carbon, 
0.5 x 50 =, 
Vf = 1.2%, 21 yr. 178 20.1 148 
Steel, Duoform 
0.64 x 60 mm, 
Vf = 1.2%, 2 mth. 197 26.1 167 
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It can be seen that assuming the straight line relationship 
most of the steel fibre types show a bond strength, T, of 3-4 *tvm-2. 
This agrees well with the values obtained using the flexural analysis 
in section 9.3.1. The low value of T for the Duoform 0.38 x 38 mm 
steel fibre is probably due to the breakage of many of these fibres 
during failure of the specimens and does not represent a correct bond 
strength for this fibre type as previously explained in section 9.3.1. 
The larger Duoform fibresO. 64 x 60 mm, which were not broken, show a 
much higher value of T comparable with that of the crimped and hooked- 
end steel fibre. 
In order to apply Cottrell's analysis to the polypropylene 
fibre composites Equation 9.18 must be modified to take account of the 
surface area of the fibrillated film as in section 9.3.1. Considering 
the solid opened film as shown in Figure 9.5 the pullout work of a 
fibre 
FIGURE 9.5 
0 
f- 
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embedded in the matrix to a depth x<i is given by 
2 
Work Done =2 (w + t) x -r . 
ix 
= (w + t) x2 T..... ..... 
9.19 
assuming T is constant. 
Since t is very small compared with w this reduces to 
Work Done =w x2 T 9.20 
Since x may vary between 0 and 2-/the mean pullout work per 
2 
fibre will be 
Mean pullout work/fibre a2wz% x2 dx . 9.21 
I Jo 
sWTZ2.. 9.22 
12 
Assuming a random 3-D distribution of fibres the number of 
fibres crossing the crack will be 
f per unit area of crack 
2wt 
Therefore, the total work done in fibre pullout U will be 
U= Vf t £2 per unit area of 
... 
9.23 
24t specimen cross-section 
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For a given fibre denier t will be constant and, assuming 
2 
constant T, a plot of U against Vf k should be a straight line of 
slope r 
24t' 
The results for the two volume fractions of 35 mm 12,000 denier 
polypropylene are plotted in this manner in Figure 9.6. Also 
plotted are the points for the 75 mm long polypropylene fibre 
composites although the analysis is not applicable to these fibres 
since many of them fractured rather than pulled out of the matrix. 
It is possible that composites with a fibre length between 35 mm and 
75 mm, i. e. with a fibre length equal to the critical length, may 
show a higher energy for the same volume fraction than either of the 
two fibre lengths tested. However, this requires experimental 
verification. 
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CHAPTER 10 
/'r M, r? TCTf1). T [ý 
10.1 EFFECT OF FIBRE TYPE ON ENERGY ABSORBED 
The composites giving the greatest energy absorption were 
those containing either crimped or hooked-end steel fibres, (Tables 
9.1,9.2 and 9.3). From the point of view of high energy absorption 
there was little to choose between these fibre types. However, 
considering the relative ease with which the hooked-end fibre can 
be handled and mixed they would appear to be the more efficient 
fibre type overall. 
There was no significant difference between the performance 
of composites with the same volume fraction of low carbon and high 
carbon steel fibres. 
Of the other steel fibre types tested, use of the larger 
indented fibre (0.64 mm x 60 mm) gave good energy absorption. 
However, it must be remembered that because of the length of this 
fibre relative to the mould dimensions, the fibre distribution in the 
beams tested would be closer to 2-D random rather than 3-D random 
and this would tend to give higher energy values. 
The stainless steel melt extract fibres, which had the 
lowest aspect ratio. of any of the steel fibre types tested, 
whilst not showing as good energy absorption for the same volume 
fraction as the crimped and hooked-end fibres, nevertheless show 
promise because of the high average bond strength, (Table 9.2). 
If these fibres had a higher aspect ratio, particularly a longer 
length, then provided their ultimate tensile strength was sufficient 
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to prevent fibre fracture during pullout, they would be an attractive 
choice since they could perform as well as the crimped or hooked-end 
fibre at a substantially lower cost. 
Of the two lengths of 12,000denier chopped, fibrillated 
polypropylene film fibre the 75 mm length fibre gave an energy 
absorption of approximately 1.5 - 2.0 times that obtained with the 
same volume fraction. of 35 mm fibre. Even so, the impact energy is 
still, for the same volume fraction, considerably below that which 
can be obtained with the crimped or hooked-end steel fibre. It is, 
however, similar to that obtained with the 0.38 mm x 38 mm indented 
fibre and the stainless steel melt extract fibre and considerably 
cheaper than either of these. 
For the polypropylene fibre composites it is possible that a 
fibre length equal to the critical length, i. e. between the two 
lengths tested here, may provide a composite with a higher energy 
absorption. However, this depends on less energy being absorbed in 
fibre fracture than in pullout of half the fibre critical length. 
If this is not the case there could be some benefit in utilising 
the relatively; high work of fracture of the polymer itself. This 
would provide a composite with a high energy absorption capacity 
but a mode of failure involving fibre fracture rather than fibre 
pullout. This is not likely to be the case with steel fibre concretes 
where the aim should be to use fibres which, within the constraints 
of mixing and workab L. lity, should be as long as possible but not so 
long that they break before pulling out of the matrix. 
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10.2 EFFECT OF FIBRE VOLUME FRACTION ON ENERGY ABSORBED 
For those types of steel and polypropylene fibre tested at 
volume fractions of 0.6% and 1.2%, the energy absorbed in complete 
failure in impact is broadly consistent with a linear relationship 
between fibre volume fraction and energy absorbed, (Figures 9.4 
and 9.6). However, it should be noted that, in all cases, the 
energy absorbed in pullout of fibres at both impact and at a slow 
rate of loading was somewhat less than doubled when the volume 
fraction was increased from 0.6% to 1.2%, (Tables 9.1 and 9.3). 
10.3 EFFECT OF AGE 
None of the types of fibre concrete tested after two and a 
half years of storage at 20°C and about 90% Relative Humidity showed 
any significant differences in energy absorbed when compared with 
similar specimens= tested after two months storage under the same 
conditions. 
However, none of the specimens were aged in a cracked state 
which might have resulted in corrosion of the mild steel fibres and 
changes in the fibre matrix bond due to carbonation at the crack 
surface. 
Age did not have any appreciable effect on the behaviour 
of the polypropylene fibre concretes. 
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10.4 EFFECT OF RATE OF LOADING 
10.4.1 Matrix failure strain 
At a conventionally slow rate of deformation in flexure the 
failure strain of the matrix was found to be approximately 
250 x 10 
6+ 50 x 10 
6. 
In the impact test, where the time to 
failure was at least three orders of magnitude less than in the 
slow test, the matrix failure strain was not easily determined precisely 
but was estimated-to be less than 400u strain (Figures 7.16-7.18,8.6-8.16). 
10.4.2 Matrix Energy Absorption 
The energy obtained from the area under the load deflection 
curve in slow flexure provided an overestimate of the work of 
fracture of the matrix. This was found to be due to the deformation 
of aggregate particles forming "high-spots" under the loading 
rollers of the machine. Nevertheless, the energy absorbed by the 
matrix was considerably smaller than that absorbed by the fibre 
composites and to a first approximation may be considered 
negligible. 
The energy obtained from the load-time curves in impact of 
unreinforced concrete beams was, after allowance for the kinetic 
energy imparted to the broken halves, about 30 Nm. However, this 
value is not representative of the energy absorbed in creating new 
fracture surfaces and cannot be taken as an indication of a 
greatly enhanced work of fracture at impact rates. The value is 
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due in part to inertial loading of the beam at impact and includes 
energy dissipated in ways other than fracture energy, e. g. vibration 
of the broken specimen halves, (Figure 8.13 and 8.14). 
10.4.3 Energy absorbed by the composite due to the presence of fibres 
Comparison of the energy absorbed in fibre debonding and 
pullout at impact and at a slow rate of, loading shows that although the 
values for impact are slightly greater, the differences are unlikely 
to be of practical significance, (Table 9.1). 
10.5 FIBRE-MATRIX BOND STRENGTH 
Average values of frictional sliding bond strength, calculated 
from a simple model involving energy, absorbed with respect to central 
deflection of beams subjected to both fast and slow loading, are 
generally consistent with those reported by other workers for slow 
loading, c. f. Tables 2.1"and 9.2. The normally accepted values may 
therefore be applied to estimate the energy absorption of fibre 
concretes under both slow and fast loading. 
10.6 IMPLICATIONS FOR IMPACT TESTING OF FIBRE REINFORCED 
CEMENTITIOUS MATERIALS 
The use of high speed instrumentation on a specially designed 
impact machine has shown that the energy absorption capacity of fibre 
reinforced concretes is not substantially greater at a high rate of 
deformation than at a conventional slow flexure rate. Considering 
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the difficulties of providing a reliable and reproducible impact test 
for fibre concretes - not least of which is the necessarily large 
machine -a more suitable method of measuring the impact performance 
of these quasi-ductile materials is to determine the area under the 
load-deflection curve in flexure. This may be done at the same time, 
and with the same specimen, as the determination of Modulus of-Rupture 
(N10R) and is, in any case, a much more useful and relevant parameter 
than the Modulus of Rupture. With the rapid advances that are being 
made in microelectronics it is to be expected that the facility for 
the determination of the energy under the curve by integration 
electronically the output from load and deflection transducers will 
be rapidly and cheaply available. 
242. 
CHAPTER 11 
RECOMMENDATIONS FOR FURTHER WORK 
The main area for future work lies, perhaps, in relating the 
energy absorbed in either impact or slow rate tests with the performance 
of the composite under service conditions. This is necessarily complicated 
because of the wide variety of service conditions that fibre concretes are 
liable to encounter, and also by the nature of the impacts, which in 
practice may be repeated and may be caused by either hard or soft bodies. 
However, with a knowledge of the fracture energy of fibre concretes it 
should be much easier to assess the likely performance of various fibre 
concretes in the field and to make appropriate choices of materials for 
specific applications. 
The understanding of the behaviour of plain concrete under impact 
loading is still poor. The flexural type of impact test used in this 
work is not really suitable for this type of investigation because of the 
necessarily large specimen size and the consequent inertial loading. It 
would be beneficial to study the behaviour of concrete subjected to direct 
tensile loading at high strain rates since this is likely to lead to a more 
fundamental understanding of the mechanisms of fracture of cementitious 
materials. 
There is still considerable scope for the optimization of fibre 
properties to give more efficient and economic composites. Within this area 
may be included work on the production of cheaper fibres, for example the 
further development of melt spun steel or glass fibre. 
More work could be done on composites containing a mixture of fibre 
types, providing a combination of properties unobtainable with only one fibre 
type. 
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APPENDIX 1 
THEORETICAL RELATIONSHIP BETWEEN ENERGYyFORCE, TIME AND DEFLECTION 
IN THE CHARPY IMPACT TEST 
A1.1 Energy in Terms of Load-Time Relationship for Constant 
Pendulum Velocity 
If there is negligible change in the velocity of the striker 
during the impact, and assuming that the mass of the specimen is 
small compared with that of the pendulum, then the energy absorbed 
during fracture, Et will be given by: 
t 
Et Vot x 1/t f Pdt ... (A1.1) 
0 
where Vo is the velocity of the pendulum just prior to impact, 
t 
t is the time to failure and fo is the total area under the 
ot 
load time curve. This expression reduces, of course, to Et - Vo 
f Pdt 
0 
which is that used by Ono (3.9). Provided that the capacity of 
the machine is very much greater than the energy required to fracture 
the specimen then this will give a first approximation to the energy 
absorbed. 
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A1.2 Energy in Terms of Load-Time Relationship for the Case in 
which the Pendulum Velocity decreases appreciably 
Provided that negligible energy is dissipated to the machine 
and again provided that the mass of the specimen is small compared 
with that of the pendulum, then the energy absorbed during fracture, 
E, will be given by: 
E_Im (Vo2 - Vf2) ... (A1.2) 
where m is the mass of the pendulum and Vf is the velocity of the 
pendulum after the test piece has broken. 
Now Vf = Vo - AV and the impulse of a force during a time 
interval is related to the change in momentum by: 
t 
Pdt m (V0 - Vf) m (A V) ... (A1.3) 
ýJ o 
Hence, 
E_ im 
{ Vö - (Vo - 1/m (ýt Pdt) 
21 
... (A1.4) Jo 
Now it can be shown that 
E Et (1 - 
Et 
2)... (A1.5 
2mVo 
t 
where Et = Vo 
r Pdt 
J0 
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Equation A1.5 is Augland's correction factor (3.11) and it 
will be noted that since no assumptions have been made concerning 
the shape of the force-time function, the correction is universally 
valid. 
A1.3 Determination of Deflection from the Force-Time Curve 
Since force is proportional to acceleration, we have: 
d2x P 
dt2 
and hence, 
dX 
s-1 
ft Pdt +C where C is a constant 
dt m 0 
Since at t=0, 
dx 
-=0 
dt 
Then 
dx 
= Vo 1 fo 
t 
Pdt dt 
m 
... (A1.6) 
... (A1.7) 
A second integration gives: 
257. 
x= Vot -I Pdt dt 
,/0 
since x0 at t=0 
It is therefore possible to construct the deflection-time 
curve from the force time curve and hence the force deflection 
curve which, when integrated, will give E; although this is'more 
easily determined from equation A1.4. 
The deflection value obtained in this manner is the 
displacement of the tup and, therefore, the tup and specimen must 
be in contact if the values are to apply to deflection of the 
specimen. 
... (A1.8) 
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APPENDIX 2 
NUMERICAL SPECIFICATION OF HIGH SPEED DATA AQUISITION SYSTEM 
Maximum Sensitivity: 
Digital Panel Meter: lpV/bit 
± 1% referred to amplifier input. 
Analog-Digital Converters: 40mV/bit 
± 2% referred to amplifier input. 
Maximum Input: 
lOmV or, with 220 ohm gain resistor removed lOOmV. 
Temperature Drift: 
Channels 1&2- 3}iV/°C, chs 3&4- 7UV/°C. 
Digital Panel Meter Calibration: 
lOmV/bit ± 0.1%- 
Analog-Digital Converter Calibration: 
40mV/bit ± 1% 
Amplifier Gain: 
X1000 to X10,000 set on dial, or X100 to X1000 with gain resistor 
removed. Gain setting accurate to 
{ 1%. 
Maximum Sampling Speed: 
4 channels every 5us 
± 5% or 2 channels every 2.5iS 
± 5% 
Sampling Speeds and Accuracies (Sweep): 
Period 2.5us 
± 5%) 
511s ± 5%) Clock 
lolls - 
2%) 
loops ± loppm 
lms loppm 
) Crystal 
lOms 
20ms 
Sync. to 50 Hz. 
looms ) 
1 sec3 mains 
freq. 
10 sec) 
Variable set up to one of above rates 
Trigger Delay: 
15mS to 150mS (with interal 2.2iF capacitor) 
Sample Aperture: 
(2.5us or Sus) 500 nS 
± 100 nS. 
Timer 
(lops) 1pS = 100nS. 
0 
259. 
Bandwidth: 
(filter off) 0-1 MHz - 3db 
(filter 1) 0-200 KHz - 3db 
Bit Ranges: 
DPM: 12 bits B. C. D. + overange + sign =- 10 volts. 
ADCs: 8 bits binary =± 5v or + lOv. 
DAC: 10 bits binary _0 to - 10v. 
Gauge Supplies: 
Two off 0 to 15'volts @ 5OOmA. 
Oscilloscope: 
Sweep -1 sec/cm to 100uS/cm or with external capacitor 
O. luF/ms/cm. 
Sensitivity -Y0.5 volts/cm to 5 volts/cm 
X Approx. 1.25 volts/cm 
adjustable with "sweep width" control. 
Calibrate - DMA timer 2.5 volts peak-to-peak. 
Trigger - D. C. coupled to run if input signal goes positive 
of approx. +100 mV. 
DAC Timer: 
6 ms to 750 ms between points 
DAC Output: 
(Plotter output) 0 to - 10 volts. 
APPENDIX 3 
OI DIPPL-RY 1 ißt ICAL cHN-Ei 1 
88 
sßc2 - 19.9 
I. R. - 0.98 
A1203 - 
6.7 
. 
- Fe 20 .2 
2 
3 
}1n203 - 0.04 
p 0 - 0.17 2 5 
Ti02 - 0.29 
CaO - 61+"0 
ýýsc - 1.3 
- so 2.8 3 
L. O. I. - 0.9 
Y20 - 0.53 
Na20 - 0.18 
L. S. F. = 95 
L. C. F. 94 
" SIP . +F 
2.2 
A/S - 3.0 
Free Lime 0.9 
B. S. 12 Physical Ter; t ': c: -ults 
Settinz Times 
Water %- 25.3 
Initial (min) - 170 
Final (min) - 195 
Fineness 
Specific Surface 
(m2/1, g )- 310 
Specific Gravity 3.12 
Exrý-nlion mm - Nil 
Compressive stre ngth (1;.; t/m2) 
B. S. 12 concrete 3. days 20.5 
7 clays 30.0 
28 days 42.2 
260. 
0 
ý- i 
ORDINARY TYPICAL CEMENT - BATCH 93 
Chemical Analysis 
Si02 - 20.2 
I. R. - 0.33 
A1203 - 7.2 
Fe203 
- 2.2 
Mn 203 - 
0.04 
P205 
- 0.16 
Ti02 - 0.33 
CaO - 64.1 
MgO - 1.3 
so3 - 2.7 
L. O. I. - 0.8 
K20 - 0.61 
Na20 - 0.19 
L. S. F. - 93 
L. C. F. - 92 
S/A+F - 2.2 
A/F - 3.3 
Bogue Compound 
Free Lime - 1.1 Composition 
B. S. 12 Physical Test Results 
Setting Times C3S = 43.7 
Water %- 24.5 C2S = 25.0 
Initial (Min) - 125 C3A = 15.4 
Final (Min) - 160 C4AF 6.7 
Fineness 
Specific Surface - 348 
(m2/kg) 
Specific Gravity - 3.12 
Expansion mm - NIL 
Compressive Strength N/mm2) 
B. S. 12 concrete 3 days 20.1 
7 days 30.9 
28 days 40.1 
261. 
'I- 
